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Abstract
Wearable ultrasound sensing could enable novel medical diagnostics by facilitating continuous, real-
time, and direct measurement of physiological phenomena, such as blood pressure. Currently,
ultrasound is not used in wearable health sensing applications because clinical ultrasound systems are
expensive, bulky, and require high operating power. Realizing wearable ultrasound therefore requires
significant reductions in cost, size, and power consumption. Manufacturing cost is of particular
concern because sensors are frequently incorporated into consumer goods, where cost is a key driver
of technology adoption. Toward that goal, this thesis explored the first steps toward the opportunity
to fabricate low-cost ultrasound transducers by contact printing. Contact printing was selected because
it could be scaled for high-throughput manufacturing, and it could be performed at ambient
temperature and pressure. For this thesis, a capacitive microscale ultrasound transducer was fabricated
by contact printing a gold-parylene composite flexible membrane onto a silicon chip substrate.
Significant challenges with the adhesion between the membrane and the chip were overcome during
fabrication process development and a high yield process for the contact printing step was developed.
The transducer was characterized for electromechanical performance. The first mode resonant
frequency of the transducer was 2.2MHz, with a 2MHz bandwidth, placing it in the range of interest
for medical ultrasound applications (typically 1-15MHz). These results demonstrate that flexible
membrane ultrasound transducers can be fabricated. Furthermore, they illuminate a path toward
wearable ultrasound sensing and more broadly, flexible medical devices.
Thesis Supervisor: Brian W. Anthony
Title: Principal Research Scientist, Department of Mechanical Engineering
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Chapter 1
Introduction
1.1 Motivation
In parallel with advances in wearable health monitoring, recent advances in medical
ultrasound have made the technique more useful than ever before for probing inside the
human body. Ultrasound imaging has been around since the mid-twentieth century, but
advances in computer science and miniaturization of electronics have led to improvements
in resolution, quantitative measurements of tissue health, such as blood pressure [1], [2],
muscle[3], [4], and liver[5], [6]. These techniques allow healthcare providers to probe the
human body for deeper understanding of disease, with minimal risk to the patient, and at a
lower cost compared to other medical imaging techniques.
Ultrasound would be an ideal sensing modality for wearable health because it is safe and
non-invasive. Ultrasound is not available as a wearable sensing technique because the
transduction methods currently requires AC Mains wall power, cost hundreds of dollars, and
are only beginning to become small enough to be considered portable devices. A wearable
device would need to be even smaller. Micro-ultrasound transducers have demonstrated
improved resolution over traditional bulk piezo transducers, especially at shallow tissue
depths and specifically have been used to image the carotid artery [7], [8]. Previous research
used ultrasound images of the carotid artery in combination with information about
externally applied pressure to accurately measure patient blood pressure[1]. In order to
combine these fields, it is necessary to build ultrasound transducers that require lower power
and can be formable around the complex curves of the human body.
1.2 Wearable and Flexible Sensors for Health Monitoring
Wearable sensors are undergoing rapid innovation and there is significant interest in
personal health monitoring. Throughout human history, people have worn talismans and
charms with the promise that their use will improve health. Eye glasses, one of the earliest
wearable medical devices, have been used for over 700 years[9]. Similarly, hearing assistant
devices have been in use for centuries, and more recently, electronic hearing aids are worn
discreetly by many people.
17
In the last decade, wearable health monitoring has gained popularity alongside advances
in portable consumer electronics, especially mobile phones. A savvy consumer can now be
outfitted head-to-toe in wearable sensors: in a football helmet (Riddell), earbuds (Dash), on
the wrist (Apple Watch, FitBit, Misfit), in a ring (Motiv), in a bra (Bloomer Tech), in a baby
onesie (Mimo sleep and activity tracker by Rest Devices), on a strap around the thigh
(Humon), and in shoes (Nike, Underarmour), among others. Readily available consumer
wearable devices generally measure activity through indirect metrics. One common method
of measuring physical activity is through micro-accelerometers embedded in a wearable
device such as a watch or a shoe.
Direct non-invasive measurement of biological data is a small yet growing field. Current
commercially available wearable devices and devices in development can measure heart rate
(Fitbit, Apple Watch), pulse oximetry, skin temperature, hemoglobin saturation in muscles
(Humon). Within the clinical data space, rudimentary 2-lead electrocardiogram (EKG) for
atrial fibrillation detection is available as an adapter to a smart phone or smart watch adapter
(AliveCor). Similarly, a different company has developed a glove intended to be worn by first
responders to measure the EKG of a patient (ECGlove). One wearable device with FDA
approval comes in several forms, such as a blanket or vest, with inflatable air pockets
designed to move fluid out of extremities of patients as a treatment for lymphedema
(Flexitouch Plus).
One of the big questions in this space is whether more information leads to better health
outcomes. For example, there is little data to suggest simply collecting activity data leads to
weight loss. Some research has shown that behavioral interventions based on data from
activity monitors like FitBit can be used to slightly improve activity levels in adults[10], [11].
This question is an active area of research. More information about the types of
interventions that result in measurable health outcomes is needed in order to maximize the
utility of wearable health monitoring[12].
Wearable health sensors occupy a challenging commercial space. On their own, they
have more in common with diagnostics than therapeutics. Additionally, there is potential for
wearable sensing to be incorporated into a therapeutic feedback loop which may in turn
enable better therapies. Already, in Type-1 diabetes, there has been clinical and commercial
success in wearable continuous glucose monitoring. This strategy continuously measures the
patient's glucose levels and then communicates with an insulin pump to calculate and deliver
the appropriate insulin dosage in nearly real time. The benefits are significant: both narrower
control of insulin levels and significantly reduced need for the patient to interact with the
insulin pump to deliver an appropriate dose. This is a critical improvement to patient care in
Type-1 diabetes. There may be potential for this closed-loop diagnostic-dosage therapy
approach to be applied to other diseases as well. The move towards these closed-loop
therapies is likely a long-term direction for wearables and will require significant
technological advancement in safe real-time physiological sensors.
One use that may see early commercial success is wearable sensors for clinical trials. A
significant financial incentive exists for therapeutics companies to collect reliable data to
demonstrate drug efficacy to regulatory bodies. Today, many clinical trials depend on
subjective measurements, such as asking the patient how he feels or qualitatively observing
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his behavior. Obviously, many factors may affect these subjective measurements, such as
patient mood, hydration, or clinician-patient interaction. It is nearly impossible to control for
all of these factors as part of the clinical trial design, and indeed many clinical trials fail
because the variance in the data collection is relatively high. This challenge is well known in
clinical trial design, but clinical trials are usually limited to taking measurements that are
minimally invasive and focused on patient outcomes. There could be enormous benefit to
the drug & biologics industries to expand available methods for directly measuring
physiological phenomena outside the clinic and across a greater time scale. For systems with
noisy data, signal processing engineers deploy systems which average over many
measurements in order to improve the signal to noise ratio. This approach has not been
applied to clinical trials yet because this field needs better and more specific measurement
techniques.
There has been much interest in building flexible devices for medical sensing[1 3], [14].
Specifically, a few research teams have explored the opportunity to embed piezo material in
flexible polymer such as PDMS in order to build flexible pressure sensing arrays [15], [16] or
to attach piezocrystals to polyimide for ultrasound arrays[17]. Additionally, bulk PZT has
been placed across a polyimide film and encapsulated in PDMS in order to be incorporated
into a flexible ultrasound array[18]. Interest in transducer miniaturization and packaging on
flexible electronic circuits is of interest for clinical applications with small geometry, such as
intracardiac imaging for applications such as atrial fibrillation [19]. These advances in
miniaturization and flexible circuits may enable new diagnostics and therapies. It has been
shown that the immune response of cells to implants or foreign materials is effected by
material properties such as stiffness, texture, or surface chemistry[20]-[22]. As ultrasound is
miniaturized, and in implantable applications are explored, there may be increasing interest
in flexible ultrasound for long term direct interfacing with biological tissues.
1.3 A Brief Introduction to Ultrasound
Ultrasound has been used for medical imaging for decades and has been described in
great detail elsewhere[23]. At its most basic level, ultrasound works by sending an acoustic
wave into a medium, and listening for reflected waves. A sound wave is a traveling localized
compression of the medium. Within the medical space, ultrasound is most familiar as an
imaging technique, particularly for fetal imaging and echocardiogram (real time imaging of
the heart and blood flow).
The hospital grade clinical ultrasound system consists of the probe which sends and
receives the acoustic signal, the electronics for signal processing, and a screen for displaying
the image and clinical data, as shown in Figure 1.1. Screens and computational electronics
have already been miniaturized & commercialized by the consumer electronics industry.
Therefore, a move towards portable or wearable ultrasound must focus on miniaturization
of the transducer, which is discussed in detail in section 1.4.
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Figure 1.1 (a) Shows a photograph of a clinical ultrasound system from GE Healthcare. (b) Shows a
photograph of the ultrasound probe, where the transducer elements are at the tip of the probe.
There are many advantages of ultrasound. It is safe, low cost, non-invasive, and can
generate real time images and videos. Unlike magnetic resonance imaging (MRI), x-ray, and
computed tomography (CT) scans, there is minimal risk associated with harmful contrast
agents or radiation. Traditionally these other methods were associated with higher imaging
resolution, however advances in image processing have improved the resolution to where
systems have demonstrated 86pm resolution[24]. Additionally, ultrasound can be used to
measure blood flow through Doppler[23], blood pressure[I], and tissue stiffness through
elastography[23]. Ultrasound is also no longer limited to 2D images. State of the art clinical
systems are able to create 3-dimensional real-time images[25], [26].
One of the clinically relevant limitations of ultrasound is that it is nearly impossible to
reproduce a scan even when performed by a skilled operator [27]. Therefore, ultrasound
cannot be used for monitoring where subsequent images are acquired serially and compared
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to enable clinical decisions and interventions. The lack of reproducibility is inherent to the
way the image is captured. Typically, the sonographer applies the probe to the surface of the
body and takes a sonograph, essentially a reflection-field picture of a slice of the body.
Because the probe is not fixed relative to the body, it is able to freely rotate and translate.
Additionally, the contact force between the probe and the body is not controlled. Therefore,
these sources of variation make exactly reproducing an image essentially impossible for a
hand-held probe.
Some progress has been made in the development of "hands free" ultrasound
systems. Several strategies have been considered. One strategy is to use conformal
transducers that can match the contours of the body. Proposed ultrasound devices in this
area[16], [25], [28] generally consist of piezo crystals embedded inside a silicone media, which
is soft enough to conform to the skin. Another strategy is to use lasers [29]-[32] to use
optoacoustics to locally generate a sound wave in the tissue and precisely measure reflected
tissue vibration on the skin surface.
A lightweight flexible ultrasound patch that could be applied directly to the skin
would eliminate the variability from a hand-held probe, because it would not need to be
applied with significant force and would be fixed to the body. Further, if the patch consisted
of a 2D element array, it could create a 3D volumetric image, which would eliminate the
variability based on the probe position. These images could then be acquired in a
reproducible way. Subsequent images could be compared to evaluate changes in tissue health
over long time periods. Monitoring changes in tissue health is increasingly of interest for
slow growing tumors or evaluating disease progression for degenerative diseases such as
muscular dystrophy. An inexpensive, non-invasive, and safe way to take repeated
measurements over the course of years is of great clinical interest.
A small, thin, and flexible patch may open up new clinical imaging areas that are
currently not possible or are currently limited by their size and fabrication. Ultrasound
devices for endoscopic, catheter, or transvaginal delivery are constrained by the dimensions
associated with their use, and could be improved through miniaturization of the
transducer[33], [34]. Further, a thin film-like ultrasound device could be used for internal or
implanted imaging, possibly by folding or rolling it into a small package and then deploying it
inside the body at a designated site[34].
Lastly, beyond the medical applications, a stretchable or bendable ultrasound patch
could be used for non-destructive testing for cracks, voids, or inclusions in parts that have
complex geometry, such as aircraft components, for which a non-flexible device may not be
able to exactly match the contours.
1.4 Traditional bulk crystal piezo transducers
Ultrasound transducers available today use largely the same transducer technology that
was used in the middle of last century, and their transduction mechanism has been described
in detail[23], [35] [36]. A summary of this technology is included below in order to provide
context around the efforts to miniaturize ultrasound transduction.
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These devices make use of thickness mode vibrations of piezocrystals. In these devices,
an electric potential impulse is applied across a piezo material, which induces a mechanical
strain and then relaxation. The mechanical motion of the piezo crystal induces local
deformation in the surrounding medium. A sound wave is generated by this local strain
propagating away from the source. A simplified schematic of a basic single element
piezocrystal transducer is shown in Figure 1.2. The piezo material used is typically composite
lead zirconate titanate (PZT) or lead metaniobate, but this transduction mechanism has also
been demonstrated with piezopolymers such as polyvinylidene fluoride (PVDF) [37], [38].
Advances in these types of transducers have focused on improving the temporal resolution
of the transducer through optimizing the piezocomposite chemistry, and for some materials
the coupling coefficient k is approaching 1[39].
The crystal is included in a layer stack which includes a backing layer and at least one
matching layer[23], [35]. The backing layer, often a composite of tungsten powder embedded
in epoxy matrix, serves to reflect energy forward so that the transducer does not transmit
pressure wave both forward and back, which could cause internal reflections that would
interfere with the received signals. The matching layer provides acoustic matching between
the transducer and medium to minimize the amount of energy lost at this interface.
Depending on the application, more than one matching layer may be used in order to take
intermediate steps from the piezo ceramic to the test media. Matching layers can also be
shaped to influence the beam shape and focus.
piezo
matching layer
potting resin
M support
M backing layer
Figure 1.2: Shows a schematic of a single element bulk crystal
piezoelectric ultrasound transducer.
An ultrasound probe consists of an array of individual transducer elements, which can be
controlled through beam forming to send and receive acoustic signals targeted to a specific
region of interest, which are translated into an image on the screen. A clinical ultrasound
probe may have hundreds of elements in a 1-dimensional array, which are used to create the
2-dimensional image displayed on the screen.
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Single element ultrasound transducers are relatively simple to manufacture and used in a
few areas of non-destructive testing and ultrasound research. A brief summary of the
fabrication technique follows. Single element devices are made by first starting with a puck
of piezocrystal and then casting a mixture of epoxy and tungsten powder on the back for the
backing layer. Tungsten's high density makes it an ideal material for a backing layer because
it absorbs sound waves well, and it is conductive so the epoxy-tungsten resin can provide
electrical access to the backside of the piezocrystal. The mechanical properties of the backing
layer can be controlled by the curing process of the epoxy-tungsten composite. Next an
electrode is bonded to the bottom of the backing layer using conductive epoxy. A thin lead
is then bonded to the top side of the piezocrystal and the conductive housing, providing
electrical access to the top electrode. A matching layer of epoxy is then cast on the front and
sanded to a thickness of one quarter wavelength. The top and bottom electrodes are then
soldered to the connector and the device is encased in a rigid protective housing.
The piezo crystal transducer arrays commonly used in medical ultrasound probes are
manufactured by an expensive, slow, and labor intensive process [23]. There are several
techniques for fabricating the piezoceramic array, with some differences to the treatment of
the piezoceramic, or using a composite piezoceramic, in order to improve device
performance. A summary of one manufacturing method for a basic 1D array follows[23]. A
precursor powder is sintered and lapped into the size of the final transducer. Then the large
block of piezoceramic is incorporated into a layer stack, which includes from the top, the
acoustic matching layer, the top electrode, the piezoceramic, the bottom electrode and finally
the acoustic backing layer. The layer stack is then diced into individual elements using a
diamond wheel, with a pitch of approximately 1mm. The dicing step proceeds slowly and
may take 24 hours due to the brittle nature of the piezoceramic and the large number of cuts
required. The space left by the kerf of the saw is filled with epoxy resin. After dicing, each
individual crystal element must be soldered to its own wire lead to the computer on the
ultrasound machine. This process is labor intensive and expensive.
1.5 Micromachined Ultrasound Transducers: CMUTS and PMUTS
One compelling alternative to bulk piezo actuation is to incorporate ultrasound
transduction directly onto a silicon wafer chip where signal and image processing electronics
could be placed very near the transducers themselves. This approach takes advantage of the
many advancements in silicon fabrication that have come out of the Integrated Circuit (IC)
and Microscale Electro-Mechanical Systems (MEMS) fields in the last three decades[26],
[40]-[43]. Transducers of this type are called Micro-machined Ultrasound Transducers
(MUTs) and they have been the focus of a considerable amount of research attention[8],
[44]-[49]. There are two compelling approaches for generating and detecting the acoustic
wave that both rely on microscale movable membranes, which can be electrically activated
either capacitively across a small gap, or by including a piezoelectric material in the
membrane itself, shown in Figure 1.3. Microscale ultrasound transducers aim for
improvements over traditional transducers in fabrication as well as device performance
metrics such as coupling coefficient[50]-[52], bandwidth[49], [53], and image resolution[40],
[54]-[56].
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Figure 1.3 Shows a schematic of a generic CMUT compared a generic PMUT. Both transducer types rely
on a movable membrane suspended above a gap (air or vacuum). In a CMUT the membrane moves when
an electric field is applied between the bottom and top conductive electrodes. In a PMUT, a potential is
applied across a thin film piezo material, inducing a strain in the membrane and causing it to move.
This electrostatic device is known as a Capacitive Micro-Machined Ultrasound
Transducer, "CMUT." This actuation method uses an electrostatic force to move the
membrane. Here, a membrane is suspended across a gap (typically vacuum or sometimes air)
and a voltage is applied to the membrane and the non-movable bottom electrode,
establishing an electric field across that gap. Because the two electrodes are oppositely
charged, they experience an attractive force and the membrane moves towards the bottom
electrode.
The other technique is known as the Piezo Micromachined Ultrasound Transducer,
"PMUT." This technique also relies on a suspended movable membrane. In these devices,
the membrane has an embedded piezo-material oriented such that an applied voltage induces
an in-plane strain, causing the membrane to move out of its un-strained equilibrium plane.
Both CMUTs and PMUTs present significant advantages in manufacturing because they
allow transducer to be fabricated directly onto a silicon wafer and easily integrated with the
transmitting and receiving electronics. Locating the transducer next to the signal processing
electronics has the potential to improve signal to noise ratio and therefore transducer
sensitivity. One proposed strategy is to fabricate the integrated circuit and then fabricate the
MEMS device in a "MEMs-last" approach[57]. This approach minimizes the distance
between the signal processing electronics and the transducer, but results in temperature
restrictions in the MEMS fabrication steps because high temperatures can damage the
integrated circuits.
The dimensions of individual CMUT and PMUT cells vary widely depending on the
design and intended application, and are typically in the 10-100s of microns range in
diameter, with gap offsets of 10s of nm-a few microns. A single cell represents a single
movable membrane. Because of the small size of these cells, often a single transducer
element is comprised of many individual cells which are actuated in parallel, and an array
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may consist of many elements which are in turn comprised of individual CMUT or PMUT
cells.
Individual CMUT cells are generally larger than PMUT cells. The dimensions of
individual CMUTs are typically 100s of pim, thickness a few microns, with gap height of 100s
of nm to a few microns. For example, one design of CMUTs for high frequency ultrasound
ablation of tumors, the CMUTs had silicon membranes suspended over vacuum[58].
Dimensions were diameter 140 microns, thickness 6 microns, and gap of .4 microns.
Another design for in vivo imaging had rectangular membranes 80xl00microns, thickness of
500nm, and gap height 100nm, DC bias 80V with 35V amplitude signal[34].
The membrane material is a critical aspect of both CMUTs and PMUTs, and should be
selected for device performance as well as fabrication methods. Dimensions and material
properties dictate the acoustic behavior of the membrane. Many designs use silicon
nitride[7], [59], [60] as the membrane material. Other membrane materials have also been
explored, such as silicon-germanium[57], silicon, silicon dioxide[61], SU-8 [62], and
diamond-like carbon[63]. Finite Element Analysis (FEA) simulations have shown that
keeping dimensions constant but changing the material from silicon carbide to silicon
dioxide change the transformer ratio by 2.4 times and the resonant frequency by 2.5 times,
but did not change the bandwidth[61]. Therefore, membrane material should be carefully
selected for the device application and the fabrication process.
Fabrication of suspended membranes is a challenge at the nanometer and micron length
scale because the processes used in semiconductor fabrication generally rely on adding and
subtracting layers. There are two strategies to achieve suspended membranes in
semiconductor fabrication. One approach is to use a sacrificial layer, where the sacrificial
layer is laid down, the membrane is deposited on top, and then the sacrificial layer is
dissolved or etched away. Examples include a photoresist sacrificial layer CMUT [57], an
oxide sacrificial layer [52], [59], and a chrome sacrificial layer under a silicon nitride
membrane[40]. Typically, the sacrificial layer is chosen as a material that is easy to completely
remove without damaging other structures on the wafer. A second fabrication strategy is to
build the bottom electrode and dielectric offset layers on one wafer, build the top electrode
and membrane on the other wafer, and then assemble the two halves together using wafer
bonding[43], [64], [65]. The carrier wafer for the membrane can then be removed by
backside etching. These processes put limitations onto the materials and the fabrication. For
example, a sacrificial layer requires an access hole (either on the front or backside) so that the
etchant can reach the sacrificial layer and be removed. As a result, the air gap is not isolated
from the surrounding environment without downstream processing. On the other hand,
wafer bonding requires very smooth surface, vacuum, and high temperature in order to get
strong adhesion between the two halves. The wafer bonding approach is potentially
problematic for a "MEMS-last" device where the integrated circuit and transducer are
located on one chip. Self-assembled suspended membranes with strong adhesion to their
support layer have been demonstrated using fibrous biological materials such as collagen[66],
but have not been demonstrated for semiconductor materials yet. One of the key challenges
with additive processes and self-assembly of suspended membranes is strong adhesion
between the membrane and the underlying support structure.
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After fabricating the transducer elements, they must be incorporated into an ultrasound
probe, so electronics packaging and acoustic interfacing is also an important design
consideration. When CMUTs were incorporated into probes for medical imaging, a silicone
matching layer lens was cast into the front of the device, as well as a backing layer made
from silicone filled with metal oxide nanopowders[40]. The CMUT transducers were
incorporated onto a rigid PCB[40] or flex circuit[8], [19] for packaging into a handheld
probe. The processes involved in packaging these transducers into a probe must also be
considered in their design.
CMUTs and PMUTs have certain trade-offs relative to one another. The commercial
areas where CMUTs and PMUTs will find each find their niche is not yet apparent, but there
is enough evidence of relative advantages for each that there will be space for both.
CMUTs have received more research attention compared to PMUTs. CMUTs were
originally proposed in in 1989[67] and are beginning to reach commercialization through
Butterfly Network. CMUTs have a high bandwidth and as a result have higher imaging
resolution compared to traditional bulk crystal transducers[8]. Unfortunately, they have high
electrical impedance and therefore require high power compared to PMUTs. Further,
acoustic power output is relatively low and as a result, CMUTs are limited in their ability to
image deep tissues. The acoustic power is limited by the physics of operation, which are
described in detail in Chapter 3. CMUTs typically require higher voltages for actuation,
which can be on the order of 1OV[68], 130V[65], and 280V[7] for the peak voltage (AC
magnitude + DC bias), and depend on the device design. The acoustic output of a CMUT is
limited by the volume displaced by the membrane, which is limited by the "pull in point"
instability of capacitive transduction, described in detail in Chapter 2.
PMUT have received less attention, compared to their CMUT counterparts. One major
advantage of PMUTs compared to CMUTs is that they can be operated at lower voltages,
and they have better penetration depth. The downside is smaller bandwidth. The fabrication
of thin piezo films is a challenge relative to a metal electrode used in CMUTs, and a lot of
work in the PMUT field has focused on fabrication of the transducer elements[50], [60], [69],
[70]. Furthermore, understanding the physics of actuation and therefore numerically
optimizing the design prior to fabrication has also been an area of active research[48], [71],
[72].
1.6 Thin film Acoustic Transducers
A few groups have developed thin film acoustic transducers using both piezo and
capacitive actuation. Capacitive actuation has the benefit of being nearly distortion-less in the
acoustic regime (if properly designed) and therefore has been popular with audiophiles for a
long time. In the home audio market, electrostatic speakers from companies such as Martin
Logan are expensive but have exceptional sound quality due to the large bandwidth. Polymer
films, such as polyimide, have been used for the movable membrane material of air-coupled
capacitive acoustic transducers for decades[73]. More recently, miniaturized capacitive
acoustic transducers have been fabricated and characterized in the audible frequency
range[74]-[77].
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Other researchers have created acoustic thin films using poly(vinylidene fluoride)
(PVDF), which is a polymer material with piezo-electric properties. Lee, et al incorporated
Barium-doped SiO2-TiO2 hollow nano-particles (Ba-HNPs) into the PVDF in order to
improve permittivity and loss factor of the piezo material[78]. The Ba-HNPs tend to
agglomerate when incorporated into the PVDF so the researchers created the composite by
first adding the Ba-HNPs to the PVDF, then electrospinning the resultant composite. They
then hot pressed the electrospun mesh in order to get a flat surface with an even dispersion
of nanoparticles. The permittivity and loss factor decreased substantially above 100kHz and
therefore the researchers only characterized the acoustic performance of the fdm in the 1Hz-
10kHz range. Further work by the same research team developed a thin film sensor capable
of measuring both pressure and temperature simultaneously[79]. The sensor consisted of
80j m thick PVDF film filled with zinc oxide (ZnO) nanorods. The researchers
demonstrated that pressure and temperature could be measured through the change in
resistance of the film and the recovery time.
Parylene is a common material found in electronic devices. It comes in several types
including Parylene, Parylene-C, and Parylene-N, which differ based on their chemistry.
Parylene is deposited by chemical vapor deposition as a conformal film and therefore has
been used in the microelectronics industry as an encapsulation layer or passivation layer[80],
[81]. Its chemical structure, a string of benzene rings, makes it highly non-reactive and
therefore commonly used as a nonfouling surface in MEMS for biological applications[80].
It has also been used commercially to encapsulate implanted electronic devices such as
pacemakers for patients who are allergic to the materials on the exterior of such devices.
A few researchers have explored using parylene in other ways, such as structural layers,
in MEMS devices. Parylene has been used as a matching layer on existing piezo-crystal
ultrasound transducers [82]. Parylene was used as the main structural layer in thin film skin-
like actuators for flow control[83], [84]. Ha, et al[85] developed a parylene membrane based
pressure sensor for intraocular pressure sensing. The authors presented two different
methods for fabricating their design: a photoresist sacrificial layer and a parylene membrane
transfer method. The response of the device to input pressure was then characterized and
used for glaucoma research in a murine model.
1.7 Transfer Printing
Transfer printing is an old process for transferring material, such as ink, from one
surface to another. During the industrial revolution of the late 18t century, it gained
popularity as a method for decorating fashionable pottery [86]. Transferware, the blue and
white "china" pottery originating in England around that time may be familiar to the reader.
The process is similar to the image transfer processes used in copper plate etchings and
lithographs. In modern times, transfer printing is used to put images on textiles. These
processes all differ in their details, but are essentially processes designed to transfer material
from one surface to another. Transfer printing is an inexpensive and scalable process that is
currently used in fabricating inexpensive products.
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In the traditional transfer printing processes, a copper plate (or waxed stone) is carved
with the desired image. Ink is applied to the plate such that it sits in the carved areas. A
stamp is brought in contact with the copper plate, picks up the ink from the plate, and then
is applied to the pot. In the traditional pottery decoration process, the "stamp" is a thin
tissue-like paper that can conform to the curves of the pot. In textile printing, the stamp is
often a roller that applies the image in a roll-to-roll process. Depending on the process,
pressure, heat, and water may be applied to transfer the image from the stamp onto the
receiving surface.
1.8 Commercialization Potential of Wearable Ultrasound
Production cost is a significant driver for advances in micro-ultrasound technology and
adoption of MEMS sensors. Just the probe (not including the processing electronics,
software, or display screen) of a clinical GE system is priced upwards of $800. Even after
considering a significant markup over the production cost for the high margin associated
with medical products, these probes are too expensive to be used as a wearable device. A
wearable device would need to be significantly cheaper to produce, likely less than $100
(including the sensor and all processing electronics and battery technology), to be
commercially feasible. One of the key factors driving the cost of conventional probes is the
labor-intensive manufacturing cost where each crystal must be hand soldered to its own lead.
Significant reductions in production cost could be made by building the signal processing
electronics and the transducer on the same substrate. Further, a move towards cheaper
materials and easily scalable fabrication methods could significantly reduce cost. The large
clinical ultrasound manufacturing firms have not commercialized CMUTs, despite having
conducted research on them, in part likely due to a concern over cannibalization of sales of
existing clinical systems. Wearable sensors on the other hand may not directly compete with
these clinical systems, and require miniaturization and cost reduction to be feasible.
Many researchers have claimed that in theory CMUTs and PMUTs would be cheaper to
produce because they would eliminate the costly crystal dicing step, and could take
advantage of high volume techniques from the semiconductor industry, however few have
published the production costs of their units. The costs are likely high for a research device
because the volume is probably between one and ten units total. One research team
estimated the cost of their CMUT imaging probe was similar to a conventional piezoceramic
probe[40]. Unfortunately, this target is not good enough for a wearable or disposable use
model. A better target may be to look at the MEMS accelerometer market. These sensors are
now widely used in consumer electronics devices such as smart phones and activity trackers.
As a result, the production volumes of these MEMS sensors are very high and the
production costs are on the order of thirty five cents[87]. It may not be feasible that the
production cost of an ultrasound probe could go from hundreds of dollars to a few cents,
however if a single transducer element could be fabricated for less than a dollar, it would
represent a significant cost reduction. Further engineering effort could use acoustics, signal
processing, or ultrasound tomography to minimize the total number of elements required to
gather sufficient data to make a clinical intervention.
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In aiming for a significant total cost reduction, it is important to consider the basic costs
of commercializing CMUTs or PMUTs. The fixed costs associated with the adoption of
CMUT or PMUT would be related to the R&D costs to develop the device, capital
investment in new fabrication equipment, and any regulatory filings associated with a new
transduction mechanism in a clinical system or a new medical product. Variable costs would
be relatively low because the amount of material is small in a micro-scale sensor, and the
fabrication processes from the semiconductor industry allow many devices to be made in
parallel, minimizing labor costs and material waste. Therefore, because the fixed costs are
relatively high, it would be necessary to have high production volumes so that the fixed costs
are distributed across many units, and the cost per sensor is relatively low.
As was mentioned previously, there are two strategies for commercializing wearable
health sensors: clinical and consumer devices. If a clinical commercialization strategy is
selected, the regulatory burden is high, the market is comparatively low, but the profit
margins would likely be higher. In this case, transducers would need to be suitable to a wide
variety of clinical applications, which may require large bandwidth and high penetration
depths. On the other hand, if a consumer commercialization strategy is used, the barrier to
entry may be low, regulatory burden would be minimal, however the margin may also be
low. In this case, less flexibility in operating parameters may be required and therefore
smaller bandwidth and smaller penetration depth range may appropriate. Therefore, careful
selection of an application is paramount to commercialization. Future wearable health
monitoring systems may incorporate many sensing modalities in order to integrate multiple
types of data (e.g. motion and blood pressure) to inform clinical interventions, and so that
costs associated with the battery, data storage and transfer, processing electronics, etc. could
be optimized.
1.9 Description of the Device Design
The device developed in this thesis was a single element ultrasound transducer, which
consisted of many active cavities vibrating in parallel. The component parts were a silicon
chip substrate and a parylene-gold composite movable membrane. These components were
assembled together by transfer printing the composite membrane onto the chip substrate, as
shown by schematic in Figure 1.4. The fabrication process is described in detail in Chapter 4.
U.----'
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Figure 1.4: A schematic of the Composite Membrane and Chip substrates coming together to create
the device with active cavities.
Analytical and finite element models were used to guide material and dimension
decisions during the design process, and are described in Chapter 2.
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The silicon chip substrate was fabricated using standard semiconductor fabrication
processes such as photolithography, physical vapor deposition, and etching. The element
and cavities on the silicon chip are shown in the schematic diagram in Figure 1.5. The
electrical connection to the device was made via bond pads on the top side of the chip.
Every chip was labeled with its diameter and spacing so that it was clear after the membrane
had been assembled on top. A photograph of a chip substrate is shown in Figure 1.6.
Label to indicate XY single cavity
cavity diameter
& spacing
Element: group
of many cavities
eee ee. actuated in
parallel
Top electrode
bond pad can be
anywhere on the Bottom electrode
gold _ _ bond pad
Figure 1.5: A schematic of the chip design, showing major design features.
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Different element designs
vary size and spacing of
cavities, diameter of element,
number of cavities, fill factor
of active area
Open area to cut away excess
membrane
Gold does not go all the way
to the chip edge for electrical
isolation
Bottom electrode bond pad
inside well etched to
underlying doped silicon
wafer
Bond pads spacing
compatible with PCBs from
previous design
Figure 1.6: A photograph of a chip with design features indicated in callout boxes. The cavities in this chip
are 50pm, and the element diameter is 2.25mm.
A completed device with the membrane adhered to the top of the device is shown in
Figure 1.7. The membrane was a parylene-gold composite, only 950nm thick. It is visible as a
rectangle in the middle of the chip top surface. In Figure 1.7 it appears as a slightly darker
gold than the surrounding area.
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Figure 1.7: A photograph of a device with 25[tm diameter cavities,
and a 2.25mm single element. The printed membrane is visible on top
of the chip, as a thin film (slightly darker gold) on top of the chip.
1.10 Contribution
This thesis describes a novel ultrasound transducer that uses a parylene-gold composite
membrane and can be fabricated using contact transfer printing. Parylene is a better physical
match to the human body than piezo ceramic or rigid silicon materials typically used for
ultrasound transducers. Careful analysis of the physics indicated that material properties are
an important consideration in device design. Analytical and finite element models were used
to guide the device design process. A process for fabricating the device was developed.
Devices were characterized for their mechanical deformation under an applied electrical
load.
31
32
Chapter 2
Analytical and Computational Models
Analytical and computational models were used in order to develop an intuitive
understanding of the physics that govern the behavior of the ultrasound transducer. The
analytical model combined a parallel plate capacitor with the bending of circular plates. A
finite element model was used to further understand membrane deflection in response to an
applied voltage potential. The models described in this chapter guided the design and
experimental characterization of the flexible ultrasound transducer.
The subject of this analysis was the mechanics of a circular membrane deflecting under
an applied load. The modeled circular membrane represented one cavity within the
transducer element. The circular membranes were conductive and suspended over an air gap
above a bottom electrode. They were deflected toward the bottom electrode by applying an
electric field across the air gap, which induced an attractive force between the bottom and
top electrodes. The deformation of the membrane was dominated by the flexural rigidity of
the membrane. A finite element model was used to refine the prediction of the analytical
model.
2.1 Rigid Parallel Plate Model
The system was simplified to the classic example of a parallel plate capacitor, in order to
build intuition for the mechanics of transduction. Parallel plate capacitive resonators are
common MEMS actuators and this model had been described previously[1]-[3]. The
analytical model of a rigid parallel plate MEMS resonator presented in this chapter is adapted
from Kaajakari[1]. A schematic of the rigid plate model is shown in Figure 2.1.
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dielectricV
kair I d+Fe
Figure 2.1: Schematic of the parallel plate capacitor model of a simplified electrostatic device
The device was considered to consist of two conductive circular rigid parallel plates, of
radius a, separated by a dielectric gap of thickness d, dielectric constant k1. The bottom plate
was assumed to be fixed, and the top plate was free to translate in I and in time. Cylindrical
coordinates were used because the movable plate was a circular disk, and therefore the plate
was symmetric in the theta direction. A voltage potential was applied to these plates causing
opposite charges to accumulate on each of these plates, which formed an electric field across
the dielectric. The opposite charges on the plates generated an attractive force, F,, between
the two plates.
2.1.1 Static Rigid Parallel Plate Model
The top plate had a restoring force that was represented as an equivalent spring with
constant km. The stiffness of the restoring force, km, will be revisited in Section 2.2.4. For the
purpose of the rigid plate model, it represents the stiffness of the restoring force of the
spring.
From Hooke's law, mechanical force for a simple linear spring was
FM = -kmz
(1)
Where z is the vertical translation of the plate away from its equilibrium point. The
mechanical energy, Um, from the restoring force was
1
UM =-km z 22
(2)
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The capacitance of the parallel rigid plates was defined as
kairEOACd-z
d - z
(3)
Where c, was permittivity of vacuum, k,, was the permittivity of the dielectric (k=1 for
air) and d was the distance between the plates at the nominal equilibrium state. The effective
cross-sectional area (in the r-theta plane) was A. For the purpose of this analysis, the area of
the capacitor was a circle of radius a.
A = ira2
(4)
The electrostatic energy, UE, was defined as
1
UE 1~CV22
(5)
where V was the applied voltage potential.
The force due to the applied voltage load was therefore
dUE V2 dC
E dz 2 dz
(6)
The total energy in the system was represented by the sum of the energies from the
electrostatic and mechanical potential energies:
1 1 1 1 kairna2
Utotai = UM + UE = -kmz +-CV 2 = -kmz 2  ( 
_ _2 2 222 (d -z)
(7)
The total force acting on the movable plate was be represented by taking the derivative
of the energy equation by z:
F dUtotal 1 Ea2 2-k
= 
dz 2(d-z)2  -km
(8)
This force balance equation reveals an important design consideration, known in the
MEMS community as the "pull in point" [1]or the CMUT community as the "collapse
voltage" [4].
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An instability occurred when the electrostatic force (pulling top plate downwards)
overcame the restoring force (pulling the top plate upwards). Beyond this point, the
mechanical restoring force was not strong enough to overcome the attractive electrostatic
force. Practically, this meant the membrane would snap to the bottom plate, making contact
and shorting the device.
Taking
dF
- = 0
dz
(9)
and solving for z, the pull-in point occurred when
d
zpj =
(10)
Correspondingly, the pull-in voltage occurred at
8kmd 3
27kairE0A
(11)
The pull-in point was an important design parameter of the electrostatic transducer. The
acoustic output of the resonator was directly proportional to the volume that it swept
through while vibrating. The pull-in point limited the maximum deflection and therefore it
limited the acoustic output. There was an important design tradeoff here between the
amount of sound produced by a movable membrane, and the amount of power required to
drive the device to maximum volumetric sweep.
2.1.2 Capacitive rigid parallel plate resonator
For a resonator, the potential applied to the plates consisted of a DC bias (VDc) and an
alternating signal of amplitude VAC. The AC signal had a cosine shape and angular frequency
o. Therefore, the electric signal in the device was represented as a function of time, t,
V = VDC + VAC COS (Ot
(12)
This signal represented a cosine signal of frequency ), alternating between VDC -VAC and
VDC +VAC'
Starting with equation (6) from the rigid plate model,
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dUe V 2 dC
EdZ 2 dZ
(6)
and substituting the expression for voltage (Equation 12), the electrostatic force (Equation 6)
was expressed in terms of the AC and DC components as
1( 2 1V 1V t kair eona 2
FE = - vDc2 + VAc 2 + 2VDCVAC cos tt + VAC2 cos 2t (d-Z) 2
(13)
This equation demonstrated that when there was no DC bias (VDC=O) the single
frequency motion response of the movable upper plate would be doubled. Intuitively this
made sense because the two oppositely charged plates are always attracted to one another,
regardless of their polarity.
Under the alternating electric load, the total force acting on the rigid plate as a function
of time was
1 kairEoira 2 Vc2 + 1 2 1 2F = FE- FM= 2 (d- z)2 DC 2 QAC + 2 VDCVAC coS Ct + VAC cos 2wt - kmz
(14)
The relationship described in (14) can be used to describe the motion of the membrane
under an applied DC+ AC signal.
The natural frequency, oo, of the resonating rigid parallel plate system was
k*
(15)
The calculation of effective stiffness and effective mass require deeper understanding of
the mechanics of the device. The rigid parallel plate capacitor model was useful for building
an intuition of the forces acting on the device described in this thesis, however it did not
fully describe the movement of the movable plate because the movable plate was not rigid.
Therefore, it was necessary to understand how the bending of the membrane could be
related to an effective stiffness, described in Section 2.2.4.
2.2 Plate Bending Under Transverse Load
In the device, the top electrode "plate" was composed of thin films, which were able to
deform out of plane given the applied electrical load. Further, the plate was fixed at its edges.
Understanding the physics that govern this deformation guided the design of the membrane
and cavities.
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In this section, the principal goal was to describe the mechanical deformation of the
flexible membrane in response to the applied electric field. Analytical models describing the
deflection of plates and shells have wide applicability in a broad range of engineering fields.
The following analysis was adapted from Timoshenko[5] to describe the mechanical
deformation of the flexible top electrode membrane.
The top plate was made from a thin membrane that was modeled as fixed at its edges
and able to deform out of plane under the applied load. In the device, the applied electrical
load was oriented downward, toward the bottom electrode, consistent with the rigid parallel
plate model described in section 2.1. Cylindrical coordinates were used because the cavities
were circular. The membrane was circular in the r-0 plane and had radius a, thickness h,
made from a material with Young's modulus E, and Poisson ratio v. A schematic of the
deformation of the membrane is shown in Figure 2.2.
a _
F~v h
Figure 2.2: Schematic of the small deflections plate bending capacitor
model of the device
2.2.1 Small Deflections Model
For small deflections, where peak deflection is less than half of the thickness of the disk,
strain in the neutral plane of the plate can be ignored and therefore shear deformations
arising from strain in the neutral plane of the plate are comparatively small and can also be
ignored. In this case, the deformation was of pure bending of plates. This is important
because it meant the deflection was dominated by the resistance of the membrane to
bending, also known as the flexural rigidity, D.
Eh3
D 12(1 
- v 2 )
(16)
Where h is thickness of the membrane, E is Young's modulus, and v is Poisson ratio.
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According to Timoshenko[5], the governing equation for a plate under a transverse
distributed load is
V2 V2w(r, 0) = -
D
(17)
where w(r,O) is the deflection profile, and P, is the magnitude of the distributed load
from the applied electric field. Because the membrane and the load are symmetric in theta,
when solved over cylindrical coordinates, the theta terms drop out. Here, the model
collapsed to a 2-dimensional model in r and z.
For the purpose of this model, the distributed load was assumed to be of constant
magnitude over the surface of the membrane. CMUT devices have previously been modeled
as a disk under a spatially uniform load, i.e a surface pressure[6], [7]. In reality, for an
electrostatically actuated membrane the applied load would not be constant because the
electric field was stronger when the top electrode was closer to the bottom electrode. To a
first order, the electrical load could be approximated by taking the electrical force and
dividing by the area.
FE V 2 dC 1 ka,.EoV 2
A 2Tra2 ~dz 2 (d-z)2
(18)
The deformation profile varied in time with the applied voltage. As discussed in section
2.1, the applied voltage varied in time. When there was no net applied voltage (e.g. if
VDC-VAC), the deflection was zero. The maximum deflection would occur when the applied
voltage was maximum, when V= VDC+VAC.
The boundary conditions had a significant impact on the membrane's deflection profile
and therefore its acoustic response. Previous models of MEMS deformable membranes
assumed that the membrane had perfect adhesion with its support and was therefore
clamped at its edges [6]-[8]. Simply supported edge conditions were also considered and
compared to the clamped edge condition. Both edge conditions were initially explored in
order to compare the difference in deflection profile and peak deflection, which are shown
in Figure 2.3. Because previous work had focused on clamped edge conditions, that model
was pursued further and used to specify the design dimensions and predict device behavior.
The edge conditions are discussed further in Chapter 6 of this thesis, along with comparison
to the deformation behavior measured in the fabricated devices.
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Figure 2.3: shows the difference in deflection based on edge conditions. The disk modeled
here have the same materials, dimensions and applied loads, but differ in their boundary
conditions. The simply supported beam's peak deflection is an order of magnitude larger
than the clamped edge beam. These were graphed on separate y-axes because when
graphed on the same axis, the peak deflection of the simply supported disc is so large
compared to clamped, that the clamped disc would appear as a straight line.
The boundary conditions were w(r)= at r=a because the edges of the membrane were
fixed at the edges and perfect adhesion with the support structure was assumed. Further,
dw(r)/dr at r=O was 0 due to continuity. For clamped edge condition, dw(r)/dr=O at r=a.
Using these boundary conditions, the equation of deflection profile was solved as
Pa (r)2]2w(r) = - 1 - -64D (a
(19)
This analytical solution indicated that the deflection was greatest at the center of the disk.
The peak deflection, wpk, was therefore given by solving for w(r) at r=0
Pea
Wpk -
(20)
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This solution indicated that the peak deflection was related to the radius of the disc by
the fourth power and to the thickness of the disc by the negative third power. The deflection
profile was then simplified to
[1 
2]2
w(r)=Wp 
-
(21)
This expression for w(r) was known as the shape function because it described the shape
of the membrane deformation subjected to a uniform transverse load.
The total volume displaced (VD) at its maximum displacement was determined by
integrating the shape function in r and 0.
a 21r
VD= W(r)rdr dO = 7 32pkii 3
0 0
(22)
The volumetric displacement of the membrane was an important parameter when
considering the acoustic behavior, and will be revisited Section 2.3.2.
2.2.2 Deflection behavior of a composite membrane
The membrane was composed of a parylene layer over a gold electrode layer, the design
of which is discussed in detail in Chapter 3. In developing predictable models of membrane
deformation, it was necessary to consider how the composite membrane would differ from
the single material model described in Section 2.2.1.
The gold membrane was 100 nm, thick enough to provide even coverage and also a
thickness typically used for electrodes in microfabrication. The thinnest possible thickness of
the parylene membrane was 1ptm due to manufacturing constraints (The fabrication is
described in detail in Chapter 4. Briefly, parylene films that were thinner than 1pm were
prone to tearing when peeled from the fabrication surface during the transfer step.)
Therefore, in the movable membrane, the gold layer was one tenth as thick as the parylene
layer.
One might think that because gold has a larger Young's Modulus (E=70GPa) than
parylene (E=2.9GPa), that the gold would be the dominant layer. In fact, because the
parylene layer was ten times thicker than the gold, its flexural rigidity is larger. Flexural
rigidity describes the resistance of the plate to bending.
Eh
3
D = 12(1 
- v 2 )
(6)
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The analytical model then used the material properties of the parylene for predictive
calculations of displacement under an applied electrical load.
2.2.3 Hydrostatic pressure
One important design consideration related to the shape function was to consider the
deformation of the membrane to hydrostatic pressure. Ultrasound transducers are often
characterized for acoustic output by submerging them in oil or water to approximate the
acoustic properties of human tissue. A hydrophone could then be used to measure the
sound pressure level transmitted by the device. It was therefore important to understand for
what dimensions the membrane would be deformed significantly by the hydrostatic pressure.
Alternatively, for air coupled micro-ultrasound transducers, the effects of hydrostatic
pressure could be ignored.
Instead of modeling the membrane deflection using the electrostatic pressure, the
distributed load was calculated from the hydrostatic pressure, P.
Ph = poil g hOLI
(23)
Where Ph was hydrostatic pressure, pod was the density of the oil, g was gravity, and h0d
was the depth of the oil.
The shape function was the same as in Equation 19 because the boundary conditions
were the same. Therefore, using the same technique described in Section 2.2.1, but replacing
P. with ph, it was determined that peak deflection due to hydrostatic pressure was related to
the radius of the cavity by the fourth power.
poilghoia4
Wpkhydrostatic 64D
(24)
Significant deflection due to hydrostatic pressure would impact the device performance
because it acted in the same direction as the applied voltage. Effectively, it limited the
acoustic output by limiting the volumetric displacement capability of the membrane by
reducing the z-direction travel. In an extreme case, if the hydrostatic load were large, the
membrane would be pushed past its pull in point and the device would be non-functional.
Early in the design process it was necessary to understand whether the hydrostatic
pressure set an upper limit for the cavity radius. Hydrostatic deflection was dependent on the
radius to the 4th power, making it very sensitive to radius. The thickness of the parylene was
1ptm, (limited by the membrane transfer process, further details in Chapter 4). If hydrostatic
deflection was limited to 3% of the pull in point, the upper limit of the radius was 30tm. A
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graph of the relationship between cavity radius and deflection due to hydrostatic pressure is
shown in Figure 2.4.
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Figure 2.4. Calculated maximum deflection of a 1pm thick parylene membrane due to hydrostatic pressure,
as a function of the cavity radius. The oil depth was assumed to be 25mm, a typical depth for testing micro-
ultrasound transducers. The pull in point is determined by the dielectric thickness and represents an
important design constraint. A horizontal line shows an engineering threshold of 3% of the modeled pull in
point for a 1pm dielectric thickness. Based on this estimate, cavity sizes were kept below a radius of 30pm.
For a parylene membrane device with radius 25 im and thickness of 1pm, tested under
25mm oil, the maximum deflection due to hydrostatic pressure was on the order of .1nm.
Therefore, the contribution of hydrostatic pressure for these dimensions could be ignored.
Keeping the thickness of the membrane constant and increasing the radius caused the
deflection due to hydrostatic pressure to increase. For diameters larger than 60pm, the max
deflection from hydrostatic pressure is no longer negligible. Therefore, the maximum
diameter used in the device design was limited to 50pm.
Longer term, if a larger diameter were deemed necessary for volumetric output, it would
be possible to counter the effects of hydrostatic pressure by assembling the devices in a
positive pressure chamber pressurized to the equivalent pressure at which the devices will be
tested. This strategy would require a very good seal around each cell so that the pressure
inside each individual cell would be maintained, and would not leak out when stored at
ambient pressure.
2.2.4 Effective Stiffness of the Membrane
As described in Section 2.1, the deflection of a capacitive MEMS resonator is limited by
its pull-in point, the point at which the membrane collapses into the cavity. In a rigid model,
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the pull-in distance is a third of the air gap thickness. Ira Wygant, et al. described an
analytical solution for finding the pull-in point of a CMUT cell that is clamped at its edges
and able to deform under the applied voltage potential[9]. In this paper, they extend
Timoshenko's solution for a circular plate[5] under a transverse load to apply it to a CMUT
design. Much of their solution is applicable to the device described in this thesis because it is
also in a small-deflection regime, and is also electrostatically actuated.
Wygant, et al. combined the shape function with the equation for capacitance to get an
expression for capacitance as a function of membrane deflection. This model was adapted to
include the dielectric constant of air because the parylene membrane device had an air gap,
whereas Wygant's device had vacuum. (This is a minor point because dielectric constant of
air is k=1, but worth remembering in case another atmospheric pressure dielectric is used
in a future design).
kairEOA
C d-
d - z
(3)
w(r) = Wp
a
c~f 2 1 kairEor dr
o d-wpk 2()
-
r 2]
(19)
27i kair 0a 2 tanh' ( WkdP
(25)
Using this expression for C as a function of wk, they took the first and second
derivatives of C with respect to average displacement (i0). For small deflections, the plate's
average displacement varies linearly with applied force, and they used this expression to
solve for a linear spring constant, k,.
_ a 4  Fma2  1
192D l 9 2 D kFM
(26)
And therefore, solving for the linearized spring constant, it was
linearized spring constant was a function of membrane dimensions
well as material parameters (Young's modulus and Poisson Ratio).
apparent that the
(radius and thickness) as
_ 1927zD E h3
a 2 (1- V2) a2
(27)
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This relationship showed that the stiffness was linearly related to the Young's Modulus.
Therefore, leaving dimensions constant, the same displacement can be achieved with lower
applied force simply by using a less stiff material as the membrane. This effective stiffness,
ki, is an approximation for the stiffness of the restoring force, km,. of the top plate in the
parallel plate capacitor model discussed in Section 2.1.
Next, they used this linearized stiffness to calculate the resonant frequency of the disk.
This drew on solved equations for the vibrations of circular plates. By approximating the
effective mass as the mass of the membrane, it was possible to estimate the natural
frequency of the device.
oo =2irfo =
(15)
116r E h3
ki 161 _ 1-v 2 ) a2 16E h2
M* Pmembranea 2 h Pmem(l - v 2 ) a4
(28)
Where Pmem is the density of the membrane. This relationship between the natural
frequency and material properties and dimensions again indicates the importance of using
physics to guide the design.
2.2.5 Large Deflection Model
As part of the design process, it was necessary to consider cases where the peak
deflection was not small relative to membrane thickness, and therefore the small
deformation model would not apply. Early in the design process, one version of the would
have resulted in a peak deflection of greater than half of the membrane thickness. An
alternative device was pursued in order to minimize power required to drive the device,
however future iterations of the device design may again need to consider the effects of large
deformations. This brief section describes how to deal with large deflections, because given
the device design described in Chapter 2, the device is already near the limit of the small
deflection. The membrane was designed to be lum thick, and the offset was lum, so we
would have expected to observe the pull-in condition before reaching the limit of the small
deflection. If the oxide layer were thicker, however, it would be possible to have a large
deformation before reaching the pull-in condition.
For cases where the deflection is not small relative to the thickness, but is small relative
to other plate dimensions, it is necessary to consider the strain of the neutral plane of the
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plate. This analysis in this section is adapted from Timoshenko[5]. These terms are included
in our description of the radial strain (er) and tangential strain (Et):
du 1 dw 2
Er = -+ (
r r 2 (r)
(29)
U
Et = -
r
(30)
Where u was the displacement in the r-direction and w was the displacement in the z-
direction. A more convenient method was to assume the large deformation takes on the
same shape as the small deformation case. This method was solved in more detail in
Timoshenko[5], and has been used by other researcher teams to describe the shape function
of to develop analytical models of circular MUT plate mechanics[6], [7], [10], [11].
Essentially, this method assumed that any stable deformation would hold this shape
function, even when the plate is deformed beyond the half-thickness limit of the pure
bending model, and despite the non-uniform applied load of the electric field when the
membrane was deformed.
As discussed in Section 2.2.1, the shape function is
w(r) = Wpk [1 2 2
(19)
The peak deflection, W,, was no longer limited to be less than half the plate thickness.
The strain energy of bending was
2D r a 2 2 1 dw 2 2v dw a 2w"
U = - 1,-w + :j - + - 5 rdrdO
0 0
(31)
Timoshenko[5] includes a detailed derivation using the energy method that for the sake
of brevity will not be repeated here. The displacement relationship that comes from the
strain energy is:
, Pe a
64D (+48w*2
a( + .488! ) (32)
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The right-hand term describes the contribution of the strain to the deformation. This
method has previously been used for modeling the deflection of thin film MEMS
structures[12].
2.3 Acoustic Behavior
The device was intended to be used as an acoustic transducer and therefore models were
used to predict its acoustic performance. During the design process, these models guided the
selection of cavity diameter and dielectric thickness, in order achieve a resonant frequency in
the medical ultrasound range (-1-20MHz), as well as a measureable acoustic output.
2.3.1 Resonance Behavior
It was important to understand how the volumetric displacement compared for different
resonant modes of the disc. These models were described in Kinsler[13]. The natural
vibrations of circular plates are Bessel Functions and are explained in great detail elsewhere
[13], [14]. Taken from these sources, the average displacement amplitude of the nth
symmetric normal mode is:
(M)s = i f An Jl(knr)dS
S
(33)
Where J(kr) is a Bessel function of the first kind and n represents the mode.
2 A(W)s = 2An J,(kia)
xna
(34)
For the purpose of the capacitive ultrasound transducer described in this thesis, the first
mode of vibration was of primary interest. It is the lowest frequency harmonic. It is also the
frequency with the largest volumetric displacement. For this case, the resonance frequency
of the circular membrane is:
a D k
W a2 ph m*
(35)
Where (x is the resonance mode constant. For the first mode, the resonance mode
constant was 10.2158 [15]. Given that D, p, and h were set by material and fabrication
constraints, a relationship between cavity diameter and radius was established, and is graphed
in Figure 2.5. This relationship was used to guide the selection of cavity radii in order to have
resonant frequencies in a range of interest for medical ultrasound.
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Figure 2.5: Graph showing the relationship between cavity radius and first mode natural frequency
for a 1 pm thick parylene disk, excited by a transverse load.
The resonant frequency of the membrane was an important design consideration
because the acoustic actuation would be most efficient near the resonance frequency, so it
was necessary to choose dimensions that would result in a natural frequency in the
appropriate range.
It is important to note that for small deformations where bending dominates, this
relationship holds true. On the other hand, if there was a large strain in the neutral plane or
there was a large intrinsic stress in the membrane[10], the natural frequency is
a T
0
,plane strain -
(36)
Where T is the intrinsic stress in the membrane. This relationship indicated that for
MUTs with significant intrinsic stress due to their manufacture, this stress would dominate
the mechanics of the plate. Therefore, it was necessary to consider the intrinsic stress of the
membrane caused by the design and fabrication techniques used. In MEMS fabrication,
intrinsic stresses can be introduced by effects such as differences in thermal expansion of
adjacent films.
Wygant went further in relating the effective membrane stiffness to the pull in voltage[6]
by modeling the system as a spring mass damper system and finding the inflection point in
the energy curve, which corresponds to the pull in voltage, V,.
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d3k,
Vpj = .39
AkairEO
(37)
Below, the expression for k, (27) was substituted into (37) and then material properties
and dimensions were separated, to show how the pull in voltage is related to material and
dimensional parameters.
1.56 E h3 d3
VI = Vkair Eo 1 - V 2  a
(38)
Pull-in voltage was the maximum voltage that could be used to drive the device because
above that limit the membrane was expected to collapse into contact with the bottom of the
cavity. Power consumption was an important consideration in the device design because
realizing wearable ultrasound requires minimizing driving power. The equation for the pull
in voltage in terms of material properties and dimensions allows the designer to seek ways to
minimize the power in the transducer.
The transducer is a capacitive device, and therefore its impedance, Zc, was
1
ZC = jOloC
(39)
Where j is 1FT and C is the capacitance, described in equation (6). The power, P,
through the device is
V 2
P=-=V 2jwCZc
(40)
This relationship is important because in order to minimize the amount of power
required to drive the device, the designer should carefully consider how the chosen
dimensions and materials effect the power requirements for the device. Both dimensions and
materials effect the voltage and capacitance of the device.
2.3.2 Acoustic Radiation
Acoustic models were used to predict the transducers ability to radiate into oil. The
sound pressure field radiating from the transducer element was modeled as a pressure wave
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radiating into an infinite medium from a baffled circular disk, which had been previously
described[13]. The pressure amplitude along the axial direction, P(r,O), was modeled as:
kWZ 12P(r,0) = 2pOcUO sin 2 1 +Z il
(41)
Here, pO is the density of the medium, c is the speed of sound in the medium, 1 is the
diameter of the element, Z is the range or the axial distance from the wall, k, is the
wavenumber. This relationship has a UO term which refers to the average velocity of the
cavity membrane. The average velocity can be approximated as the average membrane
displacement times the frequency.
UO = iVf
(42)
In order to find the average displacement of the membrane it is possible to model the
deflection of the membrane as an equivalent piston with the same radius. Therefore, the
average deflection of the total maximum displacement volume was determined to be
a
S 1 2 Pa4  Wpk
7a2 192D 3
0
(43)
This relationship shows that the average displacement is the same as a third of the peak
displacement. For capacitive resonators, the peak displacement is limited by the pull in
distance, and therefore the maximum average displacement, zpk, is limited to
Zpk = Zpi 3
(44)
An approximation for maximum volumetric displacement can be made by multiplying
zpk by the cross-sectional area of the transducer. The characteristic length of an individual
cavity (10s of tm) is smaller than the wavelength of sound in the body (-1 mm), and
therefore the radiated pressure field depends on the volume displaced, and not on the shape
of the displacement.
Returning to the acoustic model in (41), the average velocity was substituted for Uo. An
efficiency factor was included in this model to account for the ratio of the active area
(capacitive cavities) to inactive area (interstitial space) of the transducer. A detailed
explanation of the cavity fill factor efficiency, if, is provided in Chapter 3. Therefore, the
radiated pressure field from the transducer was expressed as
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P(r,0) = 2 ffp0 iIc--f sin-- 1 + Z2
(45)
Below, Figure 2.6 shows a graph of the acoustic output in the z-direction from the circular
transducer element for three different frequencies in the medical ultrasound range. The
near/far field transition, ZNF-FF, was calculated, and was plotted with a dotted line. The
near/far field transition point for the range of frequencies of interest was later used to
specify the element diameter of the device design such that the near/far field transition point
would lie inside the oil testing tank.
ZNF-FF 12/1A (46)
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Figure 2.6: Shows a graph of the acoustic pressure over the range away from the wall for a
continuous wave.
2.4 Device Capacitance
The power consumption of the device depended on its impedance and therefore it was
necessary to find the total capacitance of the device. For this purpose, the entire device (not
just one cavity) was modeled as two rigid plate capacitors in parallel. One capacitor
represented the support material (Silicon dioxide) while the other capacitor represented the
active cavities (air and alumina, in series), as shown in Figure 2.7. Using the design described
in detail in Chapter 3, the areas of each of these parts was known and their respective
contributions to the total capacitance was added accordingly, as described in (47). Then the
capacitance of the air gap was calculated for both the deformed state by estimating the peak
deflection as the pull in point as a low estimate, and the un-deformed state (assuming no
deflection) as a high estimate of active area capacitance.
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Figure 2.7: Schematic of the capacitance model of
the device showing each material and their parallel
and series contributions to the total capacitance.
The element design consisted of hundreds or thousands of active cavities (depending on
size and spacing), with interstitial area whose purpose is to provide an adhesive surface and
mechanical support for the top membrane. Therefore, the capacitance of the element as a
whole is found by adding the capacitance of the active cavities with the capacitance of the
interstitial area. In the device design, the interstitial area uses silicon dioxide as the dielectric
layer. A parallel-plate based estimate for the total capacitance of the element was calculated
using the following equation:
Ctotal = Cactive + Csupport
(47)
Cactive = nCcavity = n CairCAl2O3
Cair+CA1203
(48)
Csupport = kS 2EoAsupportd
(49)
kairEoAcavity
Ca"r = , A10
(50)
C kA 2 o03 EOAcavity
dAl2o3
(51)
To get a conservative estimate of the capacitance, the deformed profile of the membrane
was approximated to a flat plate at a depth equal to the average of the shape function (43).
Since the membrane does not deform in the interstitial area, the gap at the support layer is
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equal to the thickness of the thermal oxide layer. The use of d* signifies that the total
capacitance can be calculated for the deformed and un-deformed states. The thickness of the
alumina layer is represented by dm0 3.
The calculation for capacitance of the deformed transducer is represented in Table 2.1
for each of the combinations of cavity diameter and spacing fabricated on one wafer. This
comparison across cavity designs showed that the capacitance from the unpatterned gold of
the adhesion area dominated the capacitance of the device. Therefore, the opportunity to
reduce the power of the device at any given operating frequency lies in reducing the
unpatterned gold from the adhesion area. The adhesion area covered the top of the device
because it was necessary to promote adhesion, but there is an important opportunity for the
next version of the design to address the power/adhesion tradeoff of the adhesion area.
0 0 -0 .
a. -0
10 8 2.25 14297 7.85E-11 0.0894 0.0037 0.0035 50.2982 1.35E-04 1.34E-04 4.88 4.93
10 8 7 137579 7.85E-11 0.0894 0.0037 0.0035 484.0155 1.35E-04 1.25E-04 4.53 5.01
25 10 2.25 3835 4.91E-10 0.5588 0.0229 0.0220 84.3243 1.35E-04 1.33E-04 4.83 4.91
25 10 7 36548 4.91E-10 0.5588 0.0229 0.0220 803.6201 1.35E-04 1.17E-04 4.25 5.05
25 20 2.25 2322 4.91E-10 0.5588 0.0229 0.0220 51.0563 1.34E-04 1.33E-04 4.84 4.89
25 20 7 22109 4.91E-10 0.5588 0.0229 0.0220 486.1343 1.34E-04 1.24E-04 4.49 4.98
50 10 2.25 1333 1.96E-09 2.2352 0.0916 0.0880 117.2404 1.35E-04 1.32E-04 4.80 4.92
50 10 7 12539 1.96E-09 2.2352 0.0916 0.0880 1,102.8338 1.35E-04 1.10E-04 4.00 5.11
50 20 2.25 983 1.96E-09 2.2352 0.0916 0.0880 86.4571 1.34E-04 1.32E-04 4.82 4.90
50 20 7 9201 1.96E-09 2.2352 0.0916 0.0880 809.2491 1.34E-04 1.16E-04 4.23 5.04
50 40 2.25 594 1.96E-09 2.2352 0.0916 0.0880 52.2437 1.34E-04 1.33E-04 4.84 4.90
50 40 7 5572 1.96E-09 2.2352 0.0916 0.0880 490.0702 1.34E-04 1.23E-04 4.49 4.98
Table 2.1: Shows design parameters of each chip design on the wafer
The equation for capacitance (3) depends on the area, gap height, and the relative
permittivity of the dielectric. Therefore, the support material should be carefully selected to
minimize its dielectric potential, but to be able to withstand the voltage required to drive the
device. Further, in the design described in Chapter 3, the unpatterned gold area was
maximized to enhance adhesion between the membrane and the top surface. This
unpatterned gold area comes with the tradeoff of significantly increasing device capacitance.
A future design could explore other ways to promote adhesion without sacrificing power
required to run the device.
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The acoustic output of the device was directly proportional to the volume displaced,
which the shape function shows is a function of the peak deformation. Peak deformation is
achieved at peak voltage. Therefore, we can examine the peak voltage equation to find
operating limits that produce the greatest power output. Operating the device above this
voltage would cause the device to fail because the membrane would collapse into the cavity.
Looking at the power equation, it was clear that the material properties of interest are the
Young's Modulus of the membrane, the Poisson Ratio of the Membrane, and the relative
permittivity of the dielectric support layer.
2 2.43 E h3d . kDEOAD
= j()CD = _kair eo 1-v2  a4  d
(52)
ksupport Emembrane h3 d 2
kair 1 - Vmembrane2  a"support
(53)
The equation for pull in voltage included the dimensions as well as the material
parameters. Therefore, there was an opportunity to minimize the pull in voltage for given
device dimensions, by using a flexible material. The material ratio of E/(1-v) term offered
an opportunity to reduce the power required for a certain displacement. Comparing the
material properties of some commonly used membrane materials, shown in Table 2.2, it was
apparent that there was a 100x opportunity to reduce the operating power by using parylene
compared to silicon nitride.
Material Acoustic Impedance Young's Modulus (Pa) Poisson Ratio E/(1-nuA2)
(MRayl) (Pa)
Parylene-C 2.6-3 2.75E+09 0.4 3.27E+09
PMMA 3.1 3.00E+09 0.4 3.57E+09
PZT 31.3 6.OOE+10 0.34 6.78E+10
Gold 63.8 3.50E+10 0.44 4.34E+10
Silicon dioxide 15 7.OOE+10 0.17 7.21E+10
Silicon nitride 36 2.70E+11 0.27 2.91E+11
Silicon 19.7 1.69E+11 0.36 1.94E+11
Table 2.2: Material properties for commonly used MEMS ultrasound transducer membranes.
The ratio of E/(1-nu 2) was calculated for these materials, indicating a two order of magnitude
difference for soft polymer materials compared to rigid crystalline materials.
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2.5 Finite Element Model
A finite element analysis (FEA) model of a single cavity was developed in order to
predict membrane deflection under an applied voltage potential. The model was used to vary
dimensions and material choices, and to understand the effect of those changes on
displacement and natural frequency.
The FEA model was defined as an axisymmetric 2D model, because the circular
membrane can be assumed to be symmetric in theta and this assumption greatly simplifies
the computation. A schematic of the model is shown in Figure 2.8 with the regions color
coded to show the materials. The model fairly accurately represents the design intent. An
alumina layer was present at the bottom of the cavity to protect from a shorted condition if
the membrane collapsed into the cavity. The thin chrome layer between the silicon dioxide
and the gold on the chip was omitted from the COMSOL model as it is merely an adhesion
layer and did not contribute to the electromechanical behavior of the membrane. COMSOL
by default assumes perfect adhesion between layers.
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Figure 2.8: Schematic showing the materials and dimension in the COMSOL model. The model was
defined as 2D, axisymmetric about the r=O axis. Here, the center of the membrane is at r=0 and the edge of
one cavity is at r=25um.
The entire model was designated Electrical Material Model 1 and Linear Elastic
Dielectric 1. A fixed boundary was applied at the bottom boundary of the silicon layer and
along the outer boundary (the right edge in Figure 2.8). The air was modeled as a linear
elastic material with a Young's modulus equivalent to the bulk modulus of air. The electrical
ground was applied to the top boundary of the doped silicon, and a Potential was applied to
the upper gold boundary. Initial displacement values were taken as 0. The dimensional
choices are shown in Table 2.3.
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Name Expression
1jum]
125[um
110nm]
1[um]J
35[umI
.85[um]
50[V]
50[V]
1[MHzJ
2*pi*f
70(nm]
Value
1E-6 m
2.5E-5 m
j.1E-7 m
1E-6 m
3.E-5 m
8.5E-7 m
50 V
-50 V
6.2832E6 Hz
7E4 m
Description
Gap height
Czvity radius
Thickness of gold
Thickness of parylene membrane
Radius of region of interest on the device
Thickness of doped silicon
DC Bias Voltaje
AC applied amplitude
1nominal frequency
Angular Frequency
Thickness of alumina
Table 2.3: The parameters used for the COMSOL model.
When the voltage was applied, the membrane deformed down into the cavity.
Renderings of the deformation are shown as a top view (Figure 2.9a) and a side view (Figure
2.9b). These illustrations show that peak deflection occurs at the center of the membrane, in
agreement with the analytical models developed in the earlier section. Identical models were
developed for all cavity diameters. For brevity, only the 50pm diameter model is shown here.
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Figure 2.9: A heat map rendering of the z-displacement of the membrane shows that the deformation is
greatest at the center of the device. A top view of a single cavity is shown in (a) and a cross section is shown
in (b).
Using a parametric sweep, the applied voltage was varied from 50V up to 90V and the
resulting deformation profile was plotted in Figure 2.10. This graph showed that as the
applied voltage increases, the peak deflection also increases. The deformation profile is
similar, although not exactly the same, as predicted by the shape function (Equation 19).
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Figure 2.10: Graph of finite element model showing the deflection profile due to an applied voltage. The x-
axis is the distance from the center, where deflection is maximum. Peak deflection increased with increasing
applied voltage.
In order to check the finite element model against the analytical model, the resonant
frequencies of the device were calculated for several discrete radius values. A comparison
between the FEA model, shown in Figure 2.11, and the analytical model from Section 2.3.1,
showed that the FEA had good agreement with the analytical model for natural frequency.
20 -
lum thick paryene disk
18 
- - 100nm thick gold disk
1 Result from COMSOL Model 116 - 0 Result from COMSOL Model 2
14 - 0 Result from COMSOL Model 3
~12
6-
-10
0 5 10 15 20 25 30 35 40 45 50
cavity radius (um)
Figure 2.11: Comparison of natural frequency as a function of radius. The solid lines show the analytical
model predictions for a plate of either 1 mr thick parylene or 100nm thick gold. The results from several
discrete COMSOL models show that the overall plate behavior has good agreement with the parylene
analytical model.
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2.6 Analytical model with the restoring force of the air
The early models for the device ignored the compression of the air trapped behind the
membrane because air compression was assumed to be small relative to bending of the
membrane. These models only considered the flexural rigidity of the membrane for the
mechanical restoring force acting on the membrane. The compression of the air may not be
negligible and may affect the shape and peak deflection of the deformed membrane, and
therefore the volumetric displacement of the device. The mechanical restoring force was
then updated and taken to be a combination of flexural rigidity and the compressibility of
air. A free body diagram of the membrane approximated as a rigid plate is shown in Figure
2.12. The mechanical restoring force could then be assumed to be two springs acting in
series, one due to the resistance to bending of the membrane and one due to the resistance
to compression of the air.
tF
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Figure 2.12: Schematic showing that the mechanical restoring force is a
combination of the resistance to bending and the resistance to compression
of the air
The compression of the air was approximated to a first order by considering the
compression of a fixed amount of air, and approximating the membrane as a rigid piston,
which changes the volume (VO to V), as shown in Figure 2.13. Because the membrane is
actuated at a high frequency (1-10 MHz), it can be assumed that the compression of the gas
is adiabatic, because there is not sufficient time to allow heat transfer from the air to the
walls of the device. Silicon dioxide is a poor conductor of heat, with thermal conductivity of
1.4W/mK, so this is likely a valid assumption. Further, the process is reversible, and therefor
entropy is not produced. The compression of the air could therefore be modeled as
isentropic. The compression of the air can be approximated using the bulk modulus of air at
standard temperature and pressure, B, which is 125kPa for an adiabatic process.
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Figure 2.13: A schematic illustrating modeling the air as a compressed ideal gas, compressed by a piston at
one end of a cylindrical volume.
Comparing the bulk modulus of air to the linearized stiffness of the bending of the
membrane from Equation 27, showed that the air does dominate. The stiffness and mass for
all three cavity diameters are shown in Table 2.4. The bulk modulus of air (125kPa) is much
greater for all cavity diameters, and therefore should not be neglected. Further research
would be needed to build a more complete model to determine the exact contribution of the
air and how it effects the shape function and dynamic behavior of the device.
Cavity Diameter 10 Pm 25 pm 50 pm
Membrane Stiffness 6.94 kPa 1.11 kPa .28 kPa
Membrane Mass 1.01*10-13 kg 6.33*10-13 kg 2.53*10-12 kg
Membrane Natural Frequency 42 MHz 6.67 MHz 1.67 MHz
Air Spring Natural Frequency 112 MHz 45 MHz 22 MHz
Table 2.4: The linearized membrane stiffness and natural frequency of the three
different cavity diameters, compared with the air spring natural frequency.
The resonant frequency of the air spring was approximated by taking the mass of the
membrane and the bulk modulus of air, to get the following expression.
k B
m f ra2 hp
(54)
Plugging in the membrane dimensions, bulk modulus of air, and density of parylene for
the membrane gave a resonant frequency of 122MHz for a 50tmdiameter cavity. This was
much higher than observed and therefore it is likely that both the bending and the air
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compression contribute to the behavior of the device. Another factor to consider is that the
force acting on the membrane due to the air compression may change the shape function of
the device because it resists the areas that have deflected the most. The actual deflection is
probably flatter than predicted by equation (19), which did not account for the pressure of
the air.
2.7 Summary
Analytical and Finite Element Models of the flexible membrane ultrasound transducer
were developed in order to guide the design process. Analytical models considered the
membrane from the perspective of a rigid plate, as well as the deformation of the membrane
in response to the applied electric potential. The finite element model was used to iterate
through a variety of material and dimensional options for device design. These models
showed good agreement to each other.
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Chapter 3
Design
The goal of this thesis was to build a proof of concept ultrasound transducer that would
move ultrasound sensing toward a flexible and wearable form factor. The proof of concept
transducer would be a single element, to minimize design and fabrication complexity
associated with building an array. The device was designed using the physics described in
Chapter 2.
3.1 Discussion of Customer Needs
Wearable devices are gaining popularity for consumer and clinical use, meanwhile
expanding in their capabilities and usefulness. Some devices have been readily adopted, while
others have not. Therefore, it is important to consider user preferences when identifying the
opportunities for technological advancement. One significant design consideration for such
devices is that they be unobtrusive: both convenient to wear and convenient to use.
Wearable devices must be comfortable. Generally, medical device design should also
attempt to blend in. People do not want to wear something that signifies they are ill or
impaired, and device design should be sensitive to this need. On the other hand, a user may
want a consumer device to stand out, possibly to identify the user as tech-forward or health
conscious. There is some nuance in the consumer space, however. For example, Google
Glass failed to gain wide cultural acceptance despite endorsements from fashion industry
leaders.
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Wearable devices also need to be easy to use. One problem with consumer activity
trackers such as FitBit is that people stop wearing them after a few weeks or months[1], [2].
There are many reasons why people stop using the devices. One of the problems is that the
user must remove the device frequently to charge it. Another problem is that the
information the device provides is not useful on its own at promoting a healthy lifestyle, the
information must be provided with an appropriate intervention[3], [4]. For many people, the
"reward" for wearing a device is not high enough to continue using it every day in the long
term. These devices have not yet been widely successful at changing entrenched habits.
Ideally, a medical device needs to be so comfortable or useful that if a user forgot it at home,
he or she would go back and get it. There are very few products that meet this threshold. In
the modern world, they are perhaps clothing, wallet, keys, and smart phone. This threshold
is an under-appreciated perspective in the wearable space. An alternative to creating a new
device would be to build a device into one of these objects. The goal would be to make
health sensing as comfortable to wear as the clothes on your back. Therefore, big picture,
this thesis project was oriented toward incorporation of medical sensors into clothing.
There are many design considerations that would need to be considered for the device to
be incorporated into clothing that are outside the scope of this thesis project, such as
withstanding wash cycles, and forces on a device from manufacturing or general use. First
and foremost, electromechanical sensors need to have a smooth and flexible form factor so
that they can be worn comfortably next to the skin of the human body. The main thrust of
this thesis was to explore the design and fabrication challenges of building flexible sensors
for incorporation into future flexible devices.
3.2 Functional Requirements
In order to build a proof of concept device, it had to be small, low power, and cheap to
fabricate. Because a wearable device needs to be small, both CMUT and PMUT transduction
mechanisms were considered initially. Capacitive actuation was chosen because its
fabrication was simpler and therefore less expensive and more accessible as a first
demonstration of a flexible membrane device. The material needs are simpler because
capacitive actuation required only a top and bottom electrode, and does not require the
complex process steps associated with using a piezoelectric material.
The device was intended for a medical ultrasound sensing application, and therefore an
operating frequency of 1-10MHz was preferred. Initially, a target of 100V peak operating
voltage was selected as a way to limit power of the device. After some preliminary
experiments this requirement was relaxed in order to prioritize demonstrating a volume
displacement under applied voltage.
Experimental design and characterization tests required repeatable electrical connection
to the device. An early design did not have a repeatable electrical connection and it was
difficult to deliver the high voltage signal to the membrane in a reliable or repeatable
manner. The gold electrode surface was covered by the parylene membrane and therefore
electrical access was not directly available. One strategy employed was to use an electrical
probe station (essentially a sharp conductive needle) to pierce the parylene layer and contact
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the underlying gold layer. It was observed that the sharp point of the needle focused the
current and caused ablation of the surrounding material (parylene, gold, and possible oxide)
instead of delivering a reliable signal. After that, alternative connection techniques were
explored and conductive paths by which both electrodes could be contacted (i.e. wire
bonded) on the front side were added to the chip design.
3.3 Detailed Description of Device Design
The device is a single element ultrasound transducer, where many cavities are activated in
parallel. This design was intended as a proof of concept to demonstrate that a flexible
membrane can be used for ultrasound transduction. Each active cavity consisted of a
movable membrane top electrode suspended across an air gap and a rigid bottom electrode.
A photo of an assembled device is shown in Figure 3.1. A future iteration of the design
could easily become an array by patterning electronic pathways in the bottom electrode of
the silicon wafer and using the membrane as a common ground.
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Figure 3.1: A photo taken of the top view of the device. The circular pattern in the center is the active area
of the device, where the cavity pattern is visible by a texture change in the membrane, appearing in this
photo as a dark circle. The gold membrane is visible as the slightly darker gold rectangle at the center of the
chip. The membrane is slightly darker because the parylene is on top of the gold. From some angles, the
refraction of light makes the membrane appear light pink or light green. The label in the top corner indicates
the cavity pattern and spacing of this particular chip. The bottom electrode bond pad is the rectangle on the
lower right. The top electrode bond pad can be anywhere on the un-patterned gold surface at the bottom
left.
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The membrane was suspended over the cavities. The top electrode was a gold layer
located on the underside of the parylene membrane, while the bottom electrode was located
at the bottom of the cavity, and made of doped silicon. The cavities were filled with ambient
air. A cross sectional schematic of the device is shown in Figure 3.2. The interface between
the chip and the membrane was gold-gold. Gold was chosen for its affinity and because it
was known to form covalent bonds across an interface[5], [6]. A thin film of alumina was
deposited at the bottom of each cavity to act as an insulator layer if the membrane collapsed
into the cavity.
Figure 3.2: A cartoon cross section of the device showing the chip and the transferred
composite membrane. The bottom electrode is visible to the left and the top electrode
bond pad is visible to the right. The four center areas represent four active cavities
where the membrane is suspended across an air gap.
The chip substrate consisted of a circular element comprised of many cavities arranged
in a hexagonal grid, a schematic of which is shown in Figure 3.3. The element was populated
with cavities of a single specific diameter and spacing. A circular element was used in order
to create an axisymmetric acoustic beam pattern, which facilitated modeling and
characterization of the acoustic field.
Label to indicate YSingle cavity
cavity diameter
& spacing
Element: group
of many cavities
actuated in
parallel
Top electrode
bond pad can be.
anywhere on the Bottom electrode
gold bond pad
Figure 3.3: A schematic of the chip design, with call outs for important design
features. This schematic was not drawn to scale. The cavity holes were enlarged to
clearly show the difference between a single cavity, and the element (a group of
cavities).
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3.3.1 Material Selection
The materials used in the device were chosen to facilitate fabrication and optimize
performance. Analytical and Finite Element models, described in detail in Chapter 2 were
used to guide the material selection.
One key material in the proof of concept device was the polymer membrane. It was
necessary to select a polymer that had stable dimensions and mechanical properties in the
presence of moisture. As discussed in Chapter 2, the dimensions are critical to predicting the
mechanical behavior of the membrane. For fabrication, the membrane material needed to be
repeatably made into a thin film and released from a support substrate. It also needed to be
of a type that did not outgas in vacuum because the gold was deposited on it in electron
beam evaporation, a process which occurs in a vacuum chamber. Lastly, the membrane
material needed to be safe for direct interface with the human body. Three candidate
polymers were identified as suitable: parylene, poly(methyl methacrylate) (PMMA), and
polyimide. Parylene-C was selected because its use as a transfer substrate had already been
characterized, and releasing it from the support substrate did not require immersion in harsh
chemicals [7].
Although popular in many research devices, PDMS was not suitable for this application.
It is not dimensionally stable because it swells in the presence of water. Many of the
processes using PDMS described in the biomedical engineering literature are not easily
scalable to high manufacturing volumes, which has limited the ability of these technologies
to be realized beyond the lab bench. For example, PDMS outgasses in vacuum and could
potentially contaminate a vacuum deposition tool. It is therefore not compatible with many
of the processes used in an electronics fabrication clean room environment.
A second significant material was the dielectric support layer. One important
consideration for this layer is that it should have low relative permittivity to minimize device
impedance. Further it needs to have a high dielectric breakdown strength so that it can
withstand the electrical potential applied across it as part of driving the device.
The dielectric support layer provides the structural support of the membrane. Initially
the project aimed to use a flexible material such as parylene for this layer. In order to
simplify first design and experimentation for proof of concept, it was necessary to use a rigid
material for the membrane support. As described in Chapter 2, the resonant frequency of
the membrane is affected by in-plane strain. A flexible support layer meant that even small
strain could be transferred to the membrane. Without a robust way to control or characterize
this strain, it would be extremely difficult to characterize flexible membrane behavior. Once
the membrane mechanics are well characterized, the next generation of the device should
use a flexible material for the dielectric support layer. Deviations from the expected un-
strained resonant frequency could be used as a method to measure strain.
Wet thermal silicon dioxide (SiO2) was selected for the support layer because it is a good
insulator, it does not have pin holes, and it is easy to pattern on the microscale through
photolithography and etching. Pin holes in this layer could result in an electrical short across
the top and bottom electrode because the breakdown voltage of the pinhole would be much
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smaller than the breakdown voltage of oxide. If it shorted, the device would not work
because current would flow along the short and there would not be an electric field across
the gap. Thermal silicon dioxide has better performance because it does not have pinholes.
Silicon dioxide deposited by chemical vapor deposition (CVD) may allow pinholes due to
the mechanism of deposition.
Gold was selected as the electrode layer. Thin gold films are suitable for wire bonding.
Gold can be readily deposited directly on parylene without an adhesion layer. An adhesion
layer is used when it is deposited on SiO2. Chrome was used as the adhesion layer in this
design, however titanium could also be used.
Alumina (A12 0 3) was used for the insulator layer at the bottom of the cavities. It was
selected because it could be deposited in a very thin (70ptm) continuous film. The film
needed to be a continuous dielectric in order to prevent an electrical short if the membrane
collapsed into the cavity. This layer needed to be thin in order to minimize its effect on the
electric field in the cavity.
3.3.2 Membrane Design
The membrane consisted of a nominal 1 tm thick parylene layer and a 100nm thick gold
layer. The membrane was fabricated on a square chip of SiG2 on Si, which was 24.5mm on a
side. This size was large enough to allow it to be transferred to the chip substrate (process
described in Chapter 4), and the excess membrane cut away. The minimum thickness for the
parylene film was 850nm, and limited by the device fabrication process. Thinner films were
prone to tearing when transferred from the substrate on which they were fabricated. The
gold layer was 1 00nm thick, which was thick enough to provide a continuous film, but not
so thick as to dominate the mechanical behavior of the membrane. Similarly, the lower limit
for gold film thickness was 100nm because that is the minimal thickness for wire bonding.
Thinner films do not have enough material to form a reliable ultrasonic weld. Therefore, the
thickness of the gold layer on the silicon chip is 100nm, with a 10nm chrome adhesion layer
beneath it. The gold on the membrane was also 100nm, but thinner may be possible with
some process optimization.
The gold layer on the membrane was uniform thickness and did not have a planar
pattern. Some CMUT designs use patterned electrodes where the membrane electrode is of
smaller diameter than the membrane in order to focus the electric field at the center of the
membrane where it deflects the most[8]-[10]. That design was not compatible with the
manual assembly of this design because it was not possible to have precise submillimeter
alignment.
Adhesion between the membrane and the chip was a significant challenge. It was
determined through extensive iterative experimentation that good adhesion was attainable by
creating gold-gold bonds at the interface. Parylene is non-adhesive due to its chemical
structure and therefore did not adhere well to the chip with either oxide or gold as the top
surface. Adding gold to the top surface of the chip and the bottom surface of the membrane
allowed for sufficient adhesion between the chip and the membrane.
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3.3.3 Cavity Diameter and Spacing
The cavities had circular cross section and a depth of lum. This depth was selected due
by considering the tradeoffs inherent to the dielectric thickness. A deeper cavity would result
in a larger volumetric displacement (and therefore sound output) and as well as a larger
driving voltage required to activate the membrane across a larger gap. The thickness of 1 im
was determined to be an optimal value to balance the power requirement with the
volumetric displacement.
Three cavity diameters were chosen. Each chip had only one cavity diameter, however
across the silicon wafer, three different diameters were used. The three diameters were
selected to characterize how cavity diameter affected electromechanical behavior so that the
device performance could be compared to the models discussed in Chapter 2.
Cavity Diameter (pm) Expected Resonant
Frequency (MHz)
10 30.1
25 4.9
50 _1.2
Table 3.1: Cavity diameters and their predicted resonant
frequencies. Resonant frequencies were chosen to fall in the medical
ultrasound range. The cavity diameters were intended to also
explore the fabrication process. This calculation does not consider
damping from the coupling medium.
The cavity spacing was varied as well. The spacing between cavities was selected based
on fabrication limits and fill efficiency. Figure 3.4 shows a schematic of diameter and spacing
of the cavities. Spacing, s, was defined as the minimum distance between adjacent circles.
The lower limit of spacing was approximately 8 microns. Below this spacing, it was difficult
to get a good etch and any over etching of the metals would eliminate the support area
between cavities. Extreme over etching would potentially leave only small triangles between
adjacent circles, reducing the gold-gold contact area available for adhesion.
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a a+s/2
Figure 3.4: A drawing showing the cavities arranged in a
hexagonal grid, with cavity radius, a, and spacing, s, which
are used to calculate by area the proportion of active
membrane area inside the active area. The remaining area is
used as support material for mechanical support and
adhesion to the membrane.
There was a design tradeoff between a larger spacing and a smaller spacing, so several
spacing ratios were tried in this version of the design. A larger spacing would potentially
provide more reliable fabrication and better adhesion, however, the interstitial space between
adjacent cavities does not contribute to the volumetric displacement of the cavities. An
efficiency fill factor, qif, was calculated as the ratio between the active area to the inactive
area inside the element diameter. A larger spacing led to a lower fill efficiency across the
element. It was expected that the lower fill efficiency would result in reduced sound output.
The efficiency factor was calculated by taking the proportion of active area to inactive
area in the element. The area that is inactive between the cavities allows for support and
adhesion of the movable membrane. Therefore, it would not be practical to have a 100% fill
of active area within the element. Some nominal material is needed to provide the structural
support and an adhesive surface for the active membrane.
The cells (radius a) were patterned in a hexagonal grid, as shown in Figure 3.4. A
hexagonal grid was chosen because of its high packing fraction for circles. The efficiency fill
factor for circles close packed in a hexagonal grid is 90.69 %. This number represents that in
a hexagonal grid of close packed circles where their circumferences touch, 90.69% of the
area will lie within the circles and the remainder will lie between the circles. To find the fill
factor of the active area of the element, the fill factor of a circular grid was multiplied by the
ratio of the active area to the inactive area
a 2
( = .9069)
2()
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Several combinations of cavity diameter and spacing were considered, shown in Table
3.2. The fill efficiency was preserved so that in characterization tests, comparisons of
acoustic output could be made between diameters, and without the need to consider the
different proportion of inactive area within the element. The 10-10 (diameter 10um, spaced
10um) combination was not used because its fill efficiency was below 25% and it was
expected its acoustic output would be low. Likewise, the 25-5 combination was not used
because earlier process development experiments indicated it was too difficult to repeatably
fabricate such thin spacing between adjacent circles. The combinations that ended up being
incorporated into the wafer design were: 10-8, 25-20, and 50-40 (all with 28% fill efficiency),
25-10 and 50-20 (46.3% fill efficiency) and 50-10 (63% fill efficiency). It is intuitive that if
the spacing is held constant, then as the diameter increases, the fill efficiency increases
accordingly.
diameter (2a) pm spacing (s) pm fill efficiency (eta*_ff)
10 8 28.0%
10 10 22.7%
25 5 63.0%
25 10 46.3%
25 20 28.0%
50 10 63.0%
50 20 46.3%
50 40 28.0%
Table 3.2: Several combinations of cavity diameter and spacing were explored and
compared for their fabrication limitations as well as their fill efficiency.
Two element diameters were included in the wafer design. The smaller one was 2.25mm
and the larger one was 7mm. The intention was to compare the acoustic output of two
elements with the same cavity diameter and spacing, but with different element diameters, in
order to better understand the transduction of the device. The larger one had more cavities
and was expected to generate more sound pressure level in oil. The smaller design was easier
to get an even membrane transfer across the element and therefore was expected to give
more even acoustic output across its diameter. Device Characterization is described in
Chapter 5, and further experimentation is needed to understand how element diameter and
cavity fill ratio effect acoustic output.
72
3.3.4 Chip Design
For this proof of concept prototype, only one element was included on each chip. Every
element was circular in design so that its acoustic output would be axisymmetric. Any 2-
dimensional element shape could be made, depending on the requirements of the intended
application. The chip design was drawn in AutoCAD (Autodesk) and several designs were
populated across one wafer. The design consisted of three photomasks: A, B, and C.
Each device chip had several features which did not contribute to acoustic output, but
facilitated fabrication, packaging, or characterization. A schematic of the chip design is
shown in Figure 3.5. A label was located in the top left corner of the chip as a code XX-YY,
which indicated the diameter and spacing of the cavities, in microns. For example, in Figure
3.5, the label 50-40 indicated the cavities were 50 microns spaced by 20 microns. This label
was sized to be read by eye without a microscope. It was an important feature because once
the cavities were covered by the membrane, it was challenging to determine the underlying
cavity design, even with a micron. Additionally, an optical microscope was not always
available in the characterization lab environments. This label was included on the same
photomask as the cavity pattern, so that if the cavity spacing and size needed to be changed
in a future design iteration, the label could also be changed, without affecting the other
masks in the design.
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(a)
(1)
Figure 3.5: (a) An image of the AutoCAD layout of the chip. The chip was 12.5mm on a side. In
this image, each color outline represents a different mask layer. The pink was Mask A, pattern for
etching topside access to the bottom electrode and the diesaw streets. The yellow, Mask B, was the
pattern for the chrome gold electrode deposition. Green, Mask C, was the cavity etch and the label
indicating cavity diameter and spacing. The cavities were arranged as circles in a hexagonal grid, a
close-up of which is shown in (b), where the cavities are 50m, spaced 40 pm.
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Along the left side and the bottom are thin lines, part of mask A (pink), are the streets
for the diesaw. These serve to indicate to the operator where to program the diesaw to cut
the wafer into chips. After fabrication, these are visible on the chip because in this design
they were wider than the kerf of the diesaw. On the mask they are visible on all sides of the
chip because of the tiling of chips adjacent to one another.
Around the edge was an exposed border of silicon dioxide. This feature prevented
electrical shorts from forming between the top and bottom electrodes at the edge of the
chip. The bottom electrode was completely unpatterned, comprising the entire doped silicon
chip. The top electrode was the gold on top of the oxide (and the gold surface of the
transferred membrane). In an earlier version of the device the gold was unpatterned and
extended all the way to the edge of the chip. These devices were shorted and it was
determined that the shorts occurred due to small whiskers of material that were bridging the
one micron thick oxide layer along the edge of the chip. No whiskers or shorting debris were
observed in SEM, but experiments supported this hypothesis. First, the short disappeared
when the chrome and gold were etched off of a shorted chip, which indicated that the short
was not due to gold migration across the oxide, which would still be present in the oxide
even if the gold film had been etched away. Further, breaking the chip in half manually with
an awl did not eliminate the short on either half. In order to address the shorted chip
problem in earlier devices, a small border was patterned into the chrome gold layer, which
moved the top electrode surface away from the edge. This design feature eliminated the
shorting problem. One anecdotal observation was that when large chips formed during the
diesaw step, it was possible that the gold would go all the way to the edge, and potentially
cause a short. This condition was observed on a few chips on all wafers produced for this
design. These chips were scrapped and were not used as substrates for membrane transfer.
Much of the chip face consisted of gold. This gold layer provided an adhesion surface
for the gold side of the membrane. An earlier iteration of the design included less gold area
(and more exposed oxide). Membrane transfer was not successful on this design because the
oxide repelled the gold. When the membrane was released from the transfer window, it
rolled up instead of sticking to the chip. This result is shown in Figure 3.6.
75
-1
a
b
Figure 3.6: Photos of failed membrane transfer onto earlier design with more exposed oxide. In these
photos, the oxide is the dark area surrounding the large gold circle. The oxide repelled the gold, causing it to
roll up and not stick to the chip. This problem was eliminated by minimizing the exposed oxide. The rolling
happened immediately after the membrane was cut from the transfer frame (a) and after being totally
released from the frame rolls are apparent on all sides of the device (b).
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The downside of having gold all over the top surface of the device was that it increased
the capacitance of the device. The capacitance model for the device in Chapter 2 showed
that the capacitance was dominated by the silicon oxide area. The gold pattern on top of the
oxide sets the area of the two parallel plates and therefore more gold means higher
capacitance. This tradeoff should be addressed in a future iteration of the design.
The bond pad for the bottom electrode was located on the bottom right corner of the
chip. The device was intended to be packaged onto a custom PCB in order to facilitate
repeatable connect and disconnect from the driving electronics for characterization testing.
The bond pad was sized to be large enough to provide plenty of surface area for wire
bonding with a manual wire bonder.
3.3.5 Wafer Design
The wafer consisted of 88 device chips, and 2 dummy chips, arrayed for a standard
150mm silicon wafer, as shown in Figure 3.7.
Three masks were used to pattern the devices, as shown in Figure 3.8. Mask A and Mask
C were dark field, which is appropriate for standard photoresist. Mask B was light field,
which was preferred because the angle of the photoresist sidewalls associated with image
reversal photo resist is more conducive to liftoff. The Masks were supplied by Frontrange
Photomask.
The device chips were semi-randomly distributed across the wafer. Randomly
distributing chips was a strategy in process development to mitigate any process failures that
affect a region of the wafer. If something goes wrong and a region of the wafer is unusable,
there are still chips of all designs elsewhere on the wafer that may be usable. Chips with
larger element diameter were concentrated at the edges of the wafer because in the reactive
ion etch (RIE) tool, the etching proceeded from the outside in. Therefore, for regions where
more etching was required (larger diameter cavities and/or more dense patterns of cavities)
these regions may require more etching time. Accordingly, small element patterns were put
at the center as this area etched last in the RIE.
The dummy chips were used for processing and included the alignment marks and
process evaluation windows. These windows were used for checking film thickness during
processing, using measurement techniques such as ellipsometry and profilometry. These
process windows needed to be large enough for the spot of an ellipsometer or the tip of a
profilometer to access the film. The alignment marks were a standard design. As a note for
the future user of the mask set: the alignment mark on the light field mask should have been
inverted so it would be easier to see in the microscope. As it was designed, the boxes are
filled in instead of the crosshairs, making it difficult to find the wafer alignment marks
through the mask in the microscope. This would be an easy change by simply drawing a box
around the existing alignment mark in AutoCAD, therefore inverting which features were
chrome and which were glass.
77
The bottom area along the flat of the wafer was left blank so that the wafer could be
grabbed with tweezers in this region without damaging any chips.
Figure 3.7: A view of the wafer design with each mask shown in a different color. The white outline
represents the 150mm wafer, with the flat shown at the bottom. The pink outline represents Mask A, the
yellow is Mask B, and green is Mask C. The mask included patterns for 2.25mm diameter elements and 7mm
diameter elements. Inside the element, cavity diameter and spacing were varied in order to quantify the
effects of these parameters on the fabrication and function of the transducer. An un-patterned region was
left adjacent to the flat for handling the wafer.
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Mask A Mask B Mask C
Figure 3.8: A picture of the three mask designs used in the device fabrication. Mask A and C are dark field
for positive resist. Mask B is light field for negative resist (image reversal), preferred for liftoff processes.
3.4 Future Design Considerations
The bottom electrode could be moved to bottom side access. The bottom electrode
consisted of the entirety of the underlying doped silicon, and therefore could be addressed
by either etching through the oxide for topside access (as was done here) or directly
connecting to the bottom of the wafer. Eliminating the bottom electrode etch step could
potentially simplify fabrication by eliminating the entire first mask: which patterned the first
oxide etch to access the bottom electrode from the top side. Therefore, it may be simpler to
connect to the bottom of the device. From a packaging perspective, a wire bond step would
still be required to make top electrode contact, so it would not eliminate a process step in
packaging. This change would require rethinking the packaging and identifying a robust way
to connect to the backside, perhaps through conductive epoxy and an exposed electrode pad
on the PCB. On the downside, once the device was epoxied into place, it would be difficult
to rework the electrical connection if necessary. It is important to have robust electrical
connection to the bottom electrode for actuating and measuring device behavior.
Moving toward a completely flexible ultrasound device would require replacing the
silicon chip substrate with a flexible substrate. The flexible substrate could be polymer or
another thin film material that could bend and stretch to match the contours of the human
body.
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Chapter 4
Device Fabrication
The silicon chip substrate and the membrane were fabricated using standard
microfabrication techniques, and then the membrane was transferred to the silicon chip
substrate. Briefly, a silicon dioxide and chrome-gold layer stack was etched to have a series
of circular cavities. The parylene and gold membrane was fabricated using chemical vapor
deposition and e-beam evaporation. The membrane was transferred to the substrate by using
a transfer frame and solvent evaporation to promote contact adhesion.
The second section of this chapter describes the device packaging to facilitate robust
mechanical fixture and repeatable electrical connection.
A third section of this chapter describes many fabrication challenges and strategies that
were tried in developing the fabrication process for this device. These include strategies for
fabricating the chip, the membrane, and the transfer process.
Fabrication was carried out in MIT Micro Technologies Laboratory (MTL) and the MIT
Organic Nano-Electronics Lab (OneLab).
4.1 Silicon Chip Fabrication
The silicon chip was fabricated using standard microfabrication processes, through a
series of added and subtracted patterned layers. A schematic of the process showing top and
side views is pictured in Figure 4.1. Three photomasks were used to pattern the bottom
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electrode, the metal for both electrodes, and the active cavities. These three photomasks are
represented by the numbered steps shown in Figure 4.1. The device design and the design
was described in Chapter 3.
1. Blank silicon wafer with oxide
2. Bottom Electrode Topside Access
A. Photolithography
B. Etch oxide
C. Strip photoresist
3. Gold pattern and deposition
4. Cavity pattern and etch
A. Photolithography
B. Deposit Chrome & Gold
C. Liftoff, strip photoresist
A. Photolithography
B. Etch Metals & oxide
C. Deposit Alumina, Liftoff
Figure 4.1: Schematic of fabrication process showing a top view and a side view at each step. Each of the
numbered steps corresponds to a different photomask. No photo mask was used for step 1 as it is a blank
unpatterned wafer.
A detailed process chart is shown in Table 4.1. This chart specifies which fabrication tools
were used and in what sequence.
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Step IProcess Machine(s) used in MTL
Clean substrates
11 Clean wafer Asher-TRL
Bottom Electrode Etch
2 Pattern photoresist - SPR (standard) HMDS, coater, prebakeoven; EV1, postbake
3 Etch Si02 LAM590-TRL
4 Remove photoresist Acetone Sonication, Descum: Asher-TRL
Gold Patterning
5 Pattern photoresist - AZ 5214 (image HMDS, coater, prebakeoven, EV1, postbake
reversal for lift off process)
6 Deposit Cr - 100A Ebeam Au
7 Deposit Au - 1000A Ebeam Au
8 Lift Off Cr/Au Acetone Sonication
Cavity Etch
9 Pattern photoresist -AZ 4620 (thick) HMDS, coater, prebake oven, EV1
10 Etch Au Gold Etchant
11 Etch Cr Chrome Etchant - CR-7
12 Etch Oxide LAM-590
13 Deposit A1203 Ebeam Au
14 Strip photoresist Acetone, Asher-TRL
Diesaw into pieces
15 Diesaw diesaw
Parylene Membrane - On bare silicon or silicon+oxide substrate
16 Deposit Parylene Parylene system
17 Deposit Au Ebeam FP or Ebeam Au
Table 4.1: Process undertaken in MTL - TRL on a 150mm silicon wafer with up to 1 micron of thermal
oxide on the polished side. This chart shows the machines used and the order in which they were used.
The process described here was typically done in a batch of 3-5 wafers because many of
these steps could be run processing a few wafers at the same time. For the purpose of
process development, it was helpful to have several wafers in a batch in order to run
controlled experiments in case of breakage, or any other fabrication issue which resulted in
low yield.
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The device substrate was a standard 150mm wafer of N-type doped silicon
(resistivity .001 -.005 ohmcm) with wet thermal oxide layer of 850 um thickness on the
polished side (Ultrasil). Thermal oxide was used because pinholes associated with chemical
vapor deposited oxide were observed to allow electrical shorts across similar microscale
capacitive devices. The thermal oxide had been stripped off the unpolished side, but this
step isn't functionally necessary because the device design described in this thesis had a top
side electrical contact, so whether the bottom surface (unpolished side) had oxide on it did
not affect device performance.
Photolithography and Mask A were used to pattern the oxide expose the bottom
electrode for topside contact for packaging purposes, and to reveal the "streets" (chip
boundaries) for later use aligning the diesaw blade.
A short cleaning step was run in the Asher. Hexamethyldisilazane (HMDS) adhesion
promoter was applied to the wafer using an HMDS oven. The wafer was allowed to cool for
5 minutes and then standard photoresist (SPR700) was spin-coated onto the wafer with the
following recipe: dispense/spread/spin 6/8/30 seconds at 750/750/3000 RPM. The wafer
was prebaked in a curing oven at 90'C for thirty minutes. The wafer was then exposed to
ultraviolet light for 2.7 seconds using an EV-620 mask aligner with Mask A. The photoresist
was developed by submersion and gentle agitation for 100 seconds in MF-CD-26, a standard
developer. The wafer was rinsed with de-ionized (DI) water and then dried by nitrogen air
gun. Exposure was checked in the fluoroscope and then the wafer was post-baked at 120*C
for thirty minutes.
The silicon dioxide was etched in a mixture of fluoroform and tetrafluoromethane
(CHF3/CF4) and helium (He) by reactive ion etching in a LAM590 (Lam Research) for 5
minutes. Table 4.2 shows the etch recipe. The photoresist was then removed using acetone
sonication (with the pattern faced down) for seven minutes, followed by a descum step in
oxygen plasma in the Asher for two minutes.
Next, chrome and gold for the active surface and the bottom electrode were patterned
using a liftoff process. HMDS was applied to the wafer using an HMDS oven. The wafer
was allowed to cool for 5 minutes and then image reversal photoresist (AZ 5214) was spin
coated onto the wafer with dispense/spread/spin of 6/6/30 seconds at 500/750/1500
RPM. The wafer was then softbaked for 30 minutes at 90'C. It was exposed in to ultraviolet
light in the EV-620 mask aligner for 1.5 seconds with Mask B. The wafer was then baked for
thirty minutes at 90'C and then flood exposed to ultraviolet for one minute. It was then
developed in AZ 422 for 90 seconds. There was no postbake.
Next, chromium (10nm) and gold (100nm) were deposited using electron beam
evaporation. The photoresist was then removed (along with the gold on top of the
photoresist) using acetone sonication for twenty minutes. The wafer was then rinsed in
acetone and isopropanol (IPA) and dried with a nitrogen gun. It was then baked at 90'C for
ten minutes to remove any remaining solvent residues.
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STEP 1 2 3 4 5 6
PRESSURE TORR 0 2.8 2.8 2.8 2.8 0
RF TOP WATTS 0 0 600 600 0 0
GAP CM 1.35 0.6 0.6 0.6 1.35 1.35
CF4 SCCM 0 0 0 0 0 0
OXYGEN SCCM 0 0 0 0 0 0
HELIUM SCCM 0 120 120 120 120 0
CHF3 SCCM 0 45 45 0 0 0
CF4 SCCM 0 75 75 0 0 0
TIME 1:00 1:00 5:00 0:20 0:30 1:00
Table 4.2: RIE recipe used to etch silicon dioxide in a LAM 590 in a mixture of CF4/CHF3.
Step 3 is the etch step and the time for this step was varied depending on the thickness of
the desired oxide etch.
The cavities in the active area of the device were fabricated by etching down to the
underlying silicon layer. HMDS was applied using an HMDS vacuum oven and then the
wafer was allowed to cool in ambient air for 5 minutes. Thick photoresist (AZ 4620) was
spin coated on the wafer at dispense/spread/spin of 10/10/60 seconds at 130/500/1500
RPM. The edge bead was removed by swabbing the edge with a fab swab infiltrated with
Edge Bead Remover (EBR). Thick photoresist was chosen because of an unexpected effect
of exposing the wafer first to chromium etchant and then to the plasma etch chemistry and
electric field, resulting in a significantly reduced plasma etch rate (described in detail in
Section 4.5.1). Thick photoresist was a workaround and further process development may be
necessary to improve this fabrication step. The wafer was then baked at 90*C for sixty
minutes. The photoresist was exposed to ultraviolet in an EV-620 for 4 cycles of 4.5 second
exposure followed by a 5 second wait. The photoresist was developed in AZ 435 developer
for 3-4 minutes, then hardbaked for thirty minutes at 90'C.
The exposed metal layers were each wet etched by submersion and gentle agitation. Gold
was first etched using a gold etchant - type TFA (36 seconds) and quenched in DI water.
Next the chromium was etched in CR-7 chromium etchant (KMG Electronic Chemicals
Inc.) for 5 seconds and then quenched. The wafers were then spun dry in a Spin-Rinse-Dry
(SRD) machine.
The silicon dioxide was etched in a mixture of CHF3/CF4 and helium by reactive ion
etching in a LAM590, using the recipe described in Table 2. This etch rate was significantly
reduced, so required etching of 10 minutes to etch through a 950nm oxide layer. The etch
was checked visually using an optical microscope and looking for the appearance of silicon
at the bottom of the cavities. Silicon appears greyish-white, whereas silicon dioxide appears a
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pastel color, depending on its thickness. A layer of alumina (70nm) was deposited at the
bottom of the cavities. The purpose of the alumina layer was to provide insulation and
prevent the device from shorting if the membrane made contact with the bottom of one
cavity. Tape was applied to the backside of the wafer and the wafer was diced in a diesaw.
The alumina was lifted off by two cycles of acetone sonication, rinsed with IPA and dried
with a nitrogen gun, immediately before transferring the parylene membrane.
4.2 Composite Membrane Fabrication
The membrane was fabricated by depositing thin films of micro-90 detergent, parylene,
and then gold onto a glass or silicon chip substrate. The membrane was then peeled from
the substrate and manually transferred to the device chip. The fabrication process is
described in Figure 4.2.
Parylene Silicon
-Gold 
- Micro-90 Detergent
*Oxde
1. Blank Silicon wafer with Oxide
2. Spin coat diluted micro-90 detergent to
reduce adhesion between Parylene and Oxide
3. Deposit Parylene and Gold
4. Release membrane from fabrication
substrate
I I If I I
Figure 4.2: A schematic of the membrane fabrication process, showing the silicon and oxide layers of
substrate, micro-90, parylene and gold, and the peeling step where the membrane is released from its
fabrication substrate.
Several substrates were determined to be suitable for fabrication of the parylene
membrane: quartz glass sheet, a silicon wafer with a thermal oxide layer, or the polished side
of a blank silicon wafer. The glass substrate may be cheapest, but in a clean room
environment, the silicon wafer was readily available. Additionally, it was observed that the
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atomically flat and less rigorously cleaned thermal oxide or bare silicon surfaces led to better
yield during membrane transfer. Membranes most often failed by tearing during the peeling
step, and tearing was much less common on the silicon chip than on the glass substrates.
Controlled experiments with robust quantification would be necessary to verify this
anecdotal observation. The chosen substrate was diced into squares measuring 24.5 mm on a
side.
The cleaning step varied for the chosen substrate.
1. Glass squares were cleaned using the following procedure to remove organic and
inorganic contaminants: 5 minute sonication in a 400:1 solution of DI water and
micro-90 detergent, followed by two sonications of 5 minutes each in DI water.
Next, they were twice sonicated for 2 minutes each in acetone. Then the glass
squares were set in boiling isopropyl alcohol for 2 minutes each twice, and then dried
using a nitrogen gun. The squares were then subjected to oxygen plasma for 1
minute.
2. Silicon and silicon-oxide substrates were cleaned by a 5 minute sonication in acetone,
followed by an IPA rinse and dried using a nitrogen gun.
A spin coater was used to apply a 100:1 solution of DI water and Micro-90 Concentrated
Cleaning Solution (VWR). The spin recipe of spread/spin of 6/30 seconds at 500/1500 spin
led to the best peeling yield. This detergent layer reduced the adhesion between the parylene
and the glass, allowing the parylene film to be peeled away from the glass without damage
during transfer printing. If parylene was deposited directly onto silicon or oxide without the
micro-90 layer, it adhered very well and during transfer it tore instead of peeling away from
the substrate in a single piece.
Parylene-C (nominal 1 um thickness) was deposited on the substrate using chemical
vapor deposition, a well characterized process[1]. In the parylene chamber in MTL (Specialty
Coating Systems, Labcoter@ 2), parylene thickness was determined by the weight of the
dimer used. For the devices described in this thesis, 1.15g of dimer was placed in the
chamber, with the expectation of having at least 1pm thick parylene film. An ellipsometer
(Filmetrics) was used to verify parylene thickness after deposition. It was useful to include at
least one substrate that was bare silicon to facilitate this measurement, which was more easily
done without the oxide and micro-90 layer present because these layers were transparent and
not reflective. The thickness was measured to be 847nm with a goodness of fit of .999. It
was later determined that the injector tube of the furnace was clogged and therefore less
monomer was released into the deposition chamber than the nominal amount. This
condition resulted in a thinner film than expected. The yield in the later peeling step was
good (80-90% successfully were peeled off their substrates) and therefore the thinner
membrane was not an issue for fabrication of this batch of devices.
Gold (100 nm) was deposited on the top surface of the parylene by electron beam
evaporation. No adhesion problems within the membrane (between the gold and the
parylene) were observed over about 20 batches of membranes, despite the lack of an
adhesion layer such as titanium or chrome. Electron beam evaporation was used because the
chip was kept relatively cool during this process and gold could be deposited below the glass
transition temperature of parylene (50 'C). This step was conducted immediately prior to
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transferring the membrane to the silicon chip substrate so that the exposed gold surface
would be free of adsorbed contaminants during the transfer process.
An alternative fabrication process would be to deposit the gold and then the parylene.
Previous published research had suggested that parylene would not seed well on gold and
other transition metals [2]. That meant that thin films of parylene may not be consistent
thickness or continuous across a gold film. Therefore, these membranes were fabricated by
depositing the parylene first. It may be possible to try depositing gold on oxide, then
depositing parylene on the gold. It is well known that gold does not adhere well to oxide. It
would be expected that gold would peel easily away from the oxide surface during
membrane transfer. The low affinity between gold and oxide may improve the yield of the
peeling step. Another benefit would be that the gold surface adhering to the chip would be
atomically flat (matching the oxide surface) and free of contaminants. Both of these effects
should in theory increase the adhesion between the membrane and the substrate. Further
research would be necessary to explore the tradeoffs of this process.
4.3 Transfer and Adhesion Process
The parylene membrane was assembled on the silicon chip substrate using a manual
transfer process. A thicker polymer carrier window was used to transfer the parylene
membrane. The process for preparing the transfer window is shown in Figure 4.3. A
polymer film (a standard transparency sheet, similar to what was used for overhead
projectors) was cut into squares using a plotter cutter. A square window was cut out of each
frame using a plotter cutter. A single layer of double sided tape was applied to the inner
border of the window, on one side of the film. The double-sided tape was applied from a
spooled applicator.
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aA square transfer window was cut from a
transparency film using a plotter cutter.
b
Double sided tape was applied to the inner
border of the transfer window on all four
sides of the square.
C
A photograph showing the tape applied to
one face of the transparency window along
its inner border. The tape and the transfer
window were transparent and therefore
difficult to photograph. In this photograph,
the edges of the tape are visible as thin
white lines crossing the window frame.
Figure 4.3: Photographs of the process for preparing the transfer window. (a) shows the transfer window
after it was cut using a plotter cutter. (b) Double sided tape was applied to one side of the transfer window
along its inner edge. (c) shows the transfer window with the tape applied to the inner edge.
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The membrane was then transferred to the silicon chip. The process of transferring the
membrane is shown in Figure 4.4. The transfer window was placed tape-side down onto the
gold-parylene film, such that the window was centered on the underlying substrate. The tape
was adhered to membrane by pressing down lightly on the transparency with tweezers. Then
the transparency film was slowly peeled back from the glass substrate by manually pulling up
slowly at a roughly 60-degree angle relative to the substrate with tweezers, resulting in the
parylene membrane having been removed from the substrate and suspended across the
window in the transparency, as shown in Figure 4.5. The peeling step was a delicate two-
handed process, as one hand held the transfer window with tweezers and one hand held the
glass substrate with tweezers. This delicate peeling process was a major source of yield loss
in the fabrication process, particularly in early batches of devices.
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Figure 4.4: Photographs of the process for releasing the parylene-gold membrane from its fabrication
substrate. (a) The transfer window was applied to the membrane tape side down. (b) tweezers were used to
press down gently on the transfer window to improve the adhesion between the double-sided tape and the
membrane. (c) The membrane was peeled from the glass substrate by slowly pulling upwards with tweezers.
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Figure 4.5: The composite membrane after being peeled from the oxide substrate,
seen behind it (green). The membrane (gold) is suspended across a polymer transfer
window (transparent), which is held by tweezers in this photo. The membrane is
24.9mm on a side.
Once the membrane was released from its glass or silicon substrate, it was set aside,
propped up with the transfer window supporting it, such that nothing would contact it and
cause a hole or tear in the membrane.
The membrane was then assembled on the silicon chip, following the process shown in
Figure 4.6, where acetone evaporation was used to draw the membrane to the substrate. A
small droplet of acetone was applied to the top surface of the chip. The acetone was wicked
away with an absorbent fab wipe until only a very thin layer remained. The receding
meniscus of evaporating acetone was observed by unaided eye. The parylene film was then
manually placed on top of the silicon chip with the gold side of the membrane face down, in
direct contact with the gold surface of the chip. The timing of this process was critical to
catch the evaporation of the acetone droplet. The receding meniscus of acetone served to
draw the two gold surfaces into very close proximity, in order to promote Van der Waals
interactions (and perhaps eventually covalent bonds) across the nano-rough interface and
improve adhesion. Timing was an important factor in this process step. Applying the
membrane too early caused the membrane to float on the acetone layer. Applying it too late
and the membrane did not get close enough to the gold substrate for good adhesion.
Fortunately, as long as the membrane was still supported by the transfer window, it was easy
to remove it from the silicon substrate and try again. The adhesion was best when the
membrane was applied to catch the receding meniscus. Larger element diameter devices had
large bubbles on one side of the device. This may be due to the relative timing of the
membrane application, compared to the evaporation across the element face. Anecdotally, it
was observed that the ambient humidity affected the rate of acetone evaporation. The clean
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room environment, with controlled low humidity, had a faster drying rate than the non-
humidity controlled lab in July, when ambient humidity is likely near its annual peak.
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Figure 4.6: The assembly process, which uses acetone evaporation to draw the membrane into close contact
with the chip. (a) a droplet of acetone was applied to the surface of the chip. (b) as the acetone droplet dried,
the parylene membrane was applied to the chip with the parylene side of the membrane faced up. (c) the
membrane was placed on the chip. (d) the acetone begins to evaporate from under the membrane, which
was visible under ambient lighting. (e) the acetone has evaporated from roughly two thirds of the chip. (f)
The acetone has fully evaporated from under the chip. Small bubbles are visible under the membrane and in
the texture of the membrane. At this stage, the membrane can be repositioned if needed.
The excess membrane was removed by cutting and peeling it away with the transfer
window. Outside of the element area, the membrane was cut with a thin (70pm width) blade
(Ted Pella). This thin blade was originally designed for taking biological tissue cross sections
and was well suited to cutting soft materials without damaging them in shear. An earlier
process used a thicker scalpel blade, however the thicker blade caused the membrane to
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wrinkle from the shear force of cutting. The thinner blade made a cleaner cut and did not
cause wrinkling when cutting through the membrane.
After the membrane had been sliced around the edge of the active area, it was peeled
away from the surface of the chip by holding the chip with one pair of tweezers and the
transfer window with another pair of tweezers and gently lifting up. This process is shown in
Figure 4.7. A small patch of membrane remained behind, adhered to the gold surface of the
device in the active area. A photo of several devices after the excess membrane was removed
is shown in Figure 4.8.
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Figure 4.7: Shows the process for removing the excess membrane. (a) Photo of slicing the
membrane around the active area using a thin razor blade. (b) The excess membrane was
removed from the device by pulling up on the transfer window with tweezers.
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Figure 4.8: A photo of several devices after the excess membrane was removed. The parylene membrane
appears as a dark gold region in the middle of the top face of the device. The dark color is due to a thin film
optical effect that makes the usually transparent parylene appear greenish or pinkish from certain angles.
The devices were then baked on a hotplate for 30 minutes, as shown in Figure 4.9. It was
observed that the heat helped smooth out large wrinkles or encourage small bubbles to
consolidate into larger bubbles through coarsening. The application of heat may have helped
evaporate any residual acetone present between the membrane and the chip. The
temperature was limited by the glass transition temperature of parylene (-50 'C), so a low
and slow bake was used.
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Figure 4.9: The devices were placed in a foil dish and baked on a
hotplate for 30 minutes at 50C. The temperature was kept low in order
not to exceed the glass transition temperature of the parylene. It was
observed that the heat reduced wrinkles and bubbles under the
membrane and improved overall adhesion between the two gold
surfaces.
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4.4 Packaging the Device
A custom printed circuit board (PCB), shown in Figure 4.10, was designed for robust
electrical connection to the bottom and top electrodes of the device. The most common
failure mode of early devices was a breakdown of the electrical connection. Early devices
were connected by using a MEMS probe station. The difficulty was that the parylene
completely covered the gold of the top electrode, and therefore it was difficult to access the
gold. Parylene etching is a non-trivial process and it would be difficult to do without damage
to the underlying gold layer. Parylene cannot be patterned by liftoff because it is a
completely conformal layer. Therefore, the electrical connection for the top layer was moved
to the silicon chip substrate, which made it possible to do wire bonding. A lead frame was
not used because the device needed to be open to the environment in order to transmit an
acoustic wave. Therefore, the device was designed to be wire bonded directly to a custom
PCB with a standard BNC connection to the signaling electronics (described in Chapter 5).
FAB NOTES:
1. PCB Thickness (standard) = Finished PCB thickness .062in +1- 5%
2. Soldermask Taiyo Yuden SPR-4000 or equivalent
3. PCB material Isola 370HR or equivalent
4. Copper weight = loz (standard)
5. Silkscreen ink standard, non oil soluble
6. Plating=ENEPIG suitable for gold wire bonding
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Figure 4.10: A figure of the simple PCB for packaging the device. The circuitry shown was
intended for electrical impedance matching once the device impedance had been measured.
The feature on the left of the PCB is the BNC connector. The grey box on the right side
represents a screen print of where the device would be epoxied. Wire bond pads are present
next to the device for robust electrical connection.
The PCB was 50.8mm on each side. It was intended that the device chip be glued into
place, and then wire bonds created the electrical connection between the chip and the PCB.
The PCB features holes for attaching it to a surface during characterization tests.
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The PCB featured a BNC connector so that the device could be connected and
disconnected easily. There were three regions where components could be soldered (one in
series, and two in parallel) for adding an electrical impedance matching circuit. For the
purposes of testing described in Chapter 5, the R2 spot was filled with a zero ohm resistor
and R1 and R3 were left open. The PCB featured two bond pads that corresponded to the
top and bottom electrodes on the chip. The bottom electrode was connected to ground.
The PCBs were ordered from Advanced Circuits. Wire bonding directly to PCB is not
standard and therefore soft bondable gold was specified as the surface finish. This was
deemed cheaper than ENEPIG (another bondable surface finish). The specifications were
otherwise standard: PCB material was FR4, copper weight was loz, solder mask type was
LPI.
PCBs were manually populated and soldered with the BNC connector and a zero ohm
resistor (Digikey). The BNC connector was epoxied on the underside of the PCB in order to
improve the mechanical strength of its connection.
The device was epoxied onto the PCB using super glue and positioned so as to minimize
the length of the wire bonds. This placement was slightly offset from the silk screen square
designed to indicate device placement. The devices were wire bonded using a manual wire
bonder (WestBond).
Devices were stored in plastic bins so as to minimize their exposure to dust. They were
taped down to prevent them from moving or scraping against each other or being damaged
by jostling the box. The complete packaged device is shown in Figure 4.11.
Figure 4.11: A photo of the complete packaged device showing, from left to
right, the BNC connector, the (unpopulated) impedance matching circuit, the
wire bonds, and the device.
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4.5 Other fabrication strategies
Many strategies were explored in determining the highest yield method to build the
ultrasound device. These strategies covered the fabrication of the chip, the fabrication of the
membrane, and the transfer process. These fabrication strategies are included in this
document in the interest of sharing what did not work, so that future work in this area can
benefit from learning gained from this project.
4.5.1 Chip Fabrication Learnings
Many challenges were addressed during the fabrication process development for the chip
substrate. One unexpected issue is described in detail here because the result was not
intuitive and its documentation may prove of use to a future researcher.
Through a series of experiments, it was shown that SPR700 photoresist had an
interaction with the ceric ammonium nitrate in the chrome etchant, causing a significant
(>2x) reduction in oxide etch rate in CF4/CHF3 RIE. The reduced etch rate was repeated
across many experiments. The chemical makeup of SPR700 is proprietary and therefore the
specifics of the interaction are not known. The nominal oxide etch rate for the RIE recipe
was 260nm/min for wafers not exposed to chrome etchant. If the wafer had photoresist on
it and was exposed to chrome etchant the oxide etch rate in any subsequent reactive ion etch
process was 85-90 nm/min. This reduced etch rate was constant over the full duration of the
etch and very repeatable. The reduced etch rate was also observed for AZ 4620 photoresist.
The experiments described in this section used SPR700 unless otherwise noted.
The process detailed below was followed to make the structure shown in Figure 4.12.
This process was from an early version of the device, and therefore shares many of the same
steps, however it is slightly altered from the process in Table 4.1. This process was carried
out in the MIT MTL. Device function required that the metals be perfectly aligned with the
oxide, and therefore they were patterned using one photomask. Stripping photoresist after
metals etch and then reapplying for oxide etch would have led to misalignment of the metal
and oxide layers.
Au Cr S102 Doped Si
Figure 4.12: The micro-structure design using the fabrication process described in this
section. The layer stack, from the bottom, consists of a doped silicon wafer, an insulating
silicon dioxide layer, chrome adhesion layer, and gold electrode layer.
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The process for making the structure shown in Figure 4.12 followed these steps:
1. N-doped silicon wafer was delivered from a supplier (Ultrasil or University
Wafer) with a layer 850nm-lum wet thermal oxide on the polished side.
2. The wafer was cleaned by 20 min oxygen plasma in the Asher.
3. 10nm chrome adhesion layer was deposited by electron beam evaporation.
4. 100nm gold electrode layer was deposited by electron beam evaporation.
5. HMDS adhesion promoter was applied to the wafer. SPR700 was spin coated
onto the top of the gold layer at a spin speed of 3000RPM for 30 seconds
6. Wafer was prebaked in an oven 30 min at 95C.
7. Photoresist was patterned by exposing to UV for 2.7 seconds in a mask aligner
(EV-1).
8. Photoresist was developed by immersion in MF-CD-26 developer for 100
seconds.
9. Wafer was hard baked for 30 min at 120C.
10. The gold layer was wet etched by immersion in gold etchant for 36 seconds. The
wafer was immersed in DI water bath and rinsed thoroughly with a water spray.
11. The chrome layer was wet etched by immersion in CR-7 Chromium Etchant for
5 seconds. The wafer was then immersed in DI water and rinsed thoroughly and
then run through a Spin-Rinse-Dry cycle.
12. The oxide thickness prior to RIE was measured using Nanospec.
13. Oxide was etched by CF4/CHF3 in RIE. Etch recipe is shown in Table 4.2.
14. Remaining oxide thickness was measured using Nanospec.
15. Repeat RIE and thickness measurement to measure etch rate over etch time
The problem first presented when I was not able to etch through 850 nm oxide without
seeing significant debris on the wafer, shown in Figure 4.13. I used the Scholvin Via Etch
recipe in RIE (Table 4.2), which has a nominal etch rate of 260 nm/min. The first wafer I
put in RIE did not etch all the way through 850 nm oxide until after 8 minutes in RIE. After
8 minutes of etch time, oxide was still present at the bottom of the cavities on some parts of
the wafer, and there was debris on the wafer visible with the naked eye. This debris was
hypothesized to be burnt photoresist. RIE was known to etch photoresist at a rate slower
than the expected etch rate of oxide. Therefore, the process design must consider the
selectivity of the etch in specifying the photoresist thickness.
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Figure 4.13: SEM images showing a wafer after 8 minutes of RIE at two different magnifications. Debris is
present all over the wafer, visible on the photoresist and in the cavity.
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The goal of this process development was twofold: to identify root cause and to use that
information to develop a process that would result in successful manufacture of the device
design. A good etch was defined as one where the oxide was fully etched down to the
underlying silicon, with minimal over-etching of the silicon, and with no evidence of debris
on the wafer. In order to identify the root cause of the etching problem, certain steps in the
process were skipped and then oxide etch rate was measured over time, essentially following
a knock-out strategy. This allowed direct comparison of etch rate to the contribution of each
process step. A summary of the experiments and the resulting etch rate is provided in Table
4.3 and the oxide etch rates are shown in Figure 4.14.
Each wafer was given a code consisting of a letter and a number in order to make it easy
to keep track of individual wafers in a batch. The letter corresponded to the batch and the
number the individual wafer within the batch. Fifteen wafers that made it through to RIE
are shown in Table 4.3. Additional wafers were used in the knock out process either for
redundancy or to shield against yield loss due to unforeseen issues such as breakage or poor
photolithography. In all, over 25 wafers were run through parts of the process in search of
the root cause and appropriate mitigation of the reduced etch rate.
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Etch Time (min)
. Expected Etch Rate (2600 A/min)
Wafer Al (US, Cr/Au, SPR, Au etchant, CR-7)
Wafer A3 (US, no metal, SPR, no wet etch)
Wafer Bl(UW, no metal, SPR, Au etchant, CR-7)
Wafer B4 (UW, no metal, SPR, Au etchant)
Wafer B5 (UW, no metal, SPR, CR-7)
Wafer C1 (UW, Ti/Au, SPR, Au etchant)
Wafer D1 (UW, no metals, no PR, CR-7 etchant)
Wafer D2 (UW, no PR, no metals, no etchants)
Wafer El (UW, SPR, no metals, no etchants)
Wafer Fl(US2, SPR, no metals, no etchants)
Wafer G1 (US2, CrAu, SPR, Au etchant, Chrome Etchant 1020)
Wafer G5 (US2, CrAu, AZ4620,AuEtchant, CR-7)
Wafer G6 (US2, no metals, AZ4620, Au etchant, CR7)
Wafer H2 (US2, no metals, AZ4630, Au etchant, CR-7)
Figure 4.14: A graph showing etch rates over etch time of each process described in Table 4.3. Etch rate
was found to be relatively constant over time for wafers with the reduced etch rate, indicating that the issue
was not an oxide surface or chrome/oxide interface contamination issue. The etch rate for wafers exposed
to chrome etchant was more consistent than wafers not exposed to chrome etchant.
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The knock out experiments indicated that the root cause was an interaction between the
chrome etchant and the photoresist.
After wet etching, the photoresist covered the top surface of the metals, so the metals
were only exposed to RIE at the edges of the pattern. The RIE was intended to etch through
850nm-lum layer of silicon dioxide, down to the bare silicon substrate.
The second wafer had no metals and had not been exposed to any metal etchants, but
had been through the rest of the process. This wafer had an etch rate of 253nm/min, which
was very close to the nominal etch rate of 260nm/min etch rate. This experiment indicated
that the root cause was related to either the metals or the metal etchants.
Next, a wafer with no metals was exposed to the chrome and gold etchants. This wafer
had an etch rate of 85nm/min. This result indicated that the issue was not the metals, but
the wet etch step. To identify which part of the wet etchant step caused the decreased etch
rate, three experiments were run in parallel. One wafer went through a long hard bake, 2
hours at 120'C, to drive out any moisture that may have been introduced during the wet
etch. This wafer had an etch rate of 86nm/min, which indicated that moisture was not the
cause of the reduced etch rate. Subsequently, one wafer each was exposed to just gold
etchant or just chrome etchant to determine which wet etchant caused the issue. The etch
rate of the wafer in gold etchant was 196nm/min, and the wafer in just chrome etchant was
89nm/min. This experiment indicated that there was an interaction between the chrome wet
etch step and the RIE oxide etch step.
In order to identify the root cause within the chrome etchant, two different chrome wet
etchants were tried, one perchloric acid based and one nitric acid based, both of which gave
a reduced etch rate. The chemistry of each etchant is shown in Table 4.4. Both chrome
etchants have common ingredients of water and ceric ammonium nitrate.
CR-7 Chromium Etchant 1020
Ingredient (Microchemicals) (Transene)
Nitric Acid 0 4-6%
Perchloric Acid 4.25% 0
Ceric Ammonium Nitrate 10.9% 10-20%
Water 84.85% 74-86%
Oxide Etch Rate after 94 nm/min 89 nm/min
exposure
Table 4.4: Shows the chemistry of each of the wet chrome etchants (as published by their
suppliers) used in the etch process development. The oxide etch rates of wafers exposed to
either of these chrome etchants were essentially the same, indicating that the ceric ammonium
nitrate was the cause.
The chrome etchant typically used in MIT MTL was CR-7 (MicroChemicals), and it
consisted of water, perchloric acid, and ceric ammonium nitrate. An alternative chrome
etchant was tried: Chrome Etchant 1020 (Transene Company, Inc.), which was used in other
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academic clean rooms such as Lurie Nanofabrication Facility at University of Michigan.
Chrome Etchant 1020 was nitric acid based, and also had water and ceric ammonium nitrate
in the ratios shown in Table 4.4. One wafer was submerged in Chrome Etchant 1020 and the
subsequent etch rate in RIE was 86nm/min. Since both CR-7 and Chrome Etchant 1020
have ceric ammonium nitrate and both resulted in the reduced etch rate, I concluded that the
ceric ammonium nitrate was the source of the problem.
Exposure to ceric ammonium nitrate does not affect etch rate if no photoresist was
present on the wafer. Therefore, the reduced oxide etch rate in RIE was due to an
interaction between ceric ammonium nitrate and photoresist. The reduced etch rate existed
for both positive photoresists tested in these experiments: SPR700 and AZ 4620.
In order to confirm that the ceric ammonium nitrate was the culprit, a wafer with the
reduced etch (Wafer Al in Table 4.3) was scanned with X-ray photoelectron spectroscopy
(XPS) in order to measure the chemical composition of the debris on the surface of the
wafer. The XPS results, shown in Figure 4.15, indicated that there was a cerium chemistry
present on the surface of the chip.
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57.912 128.626 162.049 79.836 200.782 796.827 CorrectedRSF
28.74 35.92 23.56 9.79 0.68 1.31 1.dark
27.47 37.59 22.38 11.26 0.39 0.92 2.light
46.64 9.46 42.12 0.00 0.67 1.10 3.Au
34.28 27.66 29.35 7.01 0.58 1-11 Mean
10.72 15.78 11.07 6.12 0.17 0.20 Standard Deviation .
Figure 4.15: XPS data showing that cerium is present on the chip after exposure to wet chrome etchant and
RIE.
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One chip was taken from the center of the wafer and three areas were probed in XPS.
XPS was a method for characterizing surface chemistry and had a probing depth of a few
angstroms [3]-[5]. Two areas inside the circular hexagonal grid pattern were selected, one
looked "dark" with the naked eye, one appeared "light." Also selected was an unpatterned
area where the photoresist covered the entire local surface and there was not intended to be
any oxide exposed or etched. Predictable peaks were visible indicating carbon, and oxygen.
The chemical composition for SPR700 was not published, but can be assumed to have
carbon and oxygen in it because it is an organic polymer. Silicon dioxide obviously has
silicon and oxygen. For the patterned area ("light" and "dark"), silicon was visible, but a
silicon peak was not apparent in the unpatterned area. This result was intuitive because
photoresist covers the entire silicon dioxide surface in the unpatterned area and so silicon
dioxide should not be apparent on the surface in this region. There are not strong peaks for
Chrome or Gold in the patterned regions, as expected because these metals are covered by
photoresist. A cerium compound was observed in all three tested regions.
It was hypothesized that this cerium chemistry was causing a reduced etch rate in RIE.
The only possible source of cerium in the device fabrication process was the CR-7 chrome
wet etchant. The XPS results confirmed that a cerium compound was present on the
photoresist after rinsing CR-7 and etching oxide in RIE. The cerium should have washed
away in the rinse step following the chrome wet etch, however it must have had a chemical
or physical interaction with the photoresist that prevented it from washing away. Further
research would be necessary to understand the specific interaction, and this research would
require a specific understanding of the chemical makeup of the photoresist.
4.5.2 Membrane Fabrication Learnings
The membrane fabrication was relatively straightforward because the membrane
consisted of only two layers which did not have a micro or macroscale pattern. It was
determined that a membrane with unpatterned gold resulted in better peeling yield and
better adhesion because of a gold-gold interface. Earlier versions of the device used a
shadow mask, fabricated from a transparency sheet by using a plotter cutter to remove the
area where gold would be deposited on the parylene. The transparency mask was placed over
the glass-parylene substrate. A thin film of gold (100nm) was evaporated on the parylene.
The parylene was not adhesive to gold or to oxide and therefore this fabrication method was
abandoned in favor of gold covering the entire membrane.
4.5.3 Transfer and Adhesion Process Learnings
Adhesion between the membrane and the chip was the biggest fabrication challenge in
the development of the device. Many strategies to promote adhesion were tried. A few are
described below for the purpose of documenting what did not work well.
A nitrogen gun was used to provide pressure to the top of the membrane, pushing the
two surfaces into closer contact, without directly contacting the membrane. This strategy
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was not successful because the membrane came away from the chip when the nitrogen flow
was removed.
Several adhesion promoters were tried, including g 3PTMS and dithiols (chain molecules
with sulfur attached at each end). Thiols were previously reported to promote adhesion to
gold substrates [6]-[9]. This molecular adhesion strategy was not successful in this
application. It was determined that the molecules were too short to bridge across gaps due to
surface roughness (-2nm for evaporated gold) at the gold-gold interface. This strategy did
not work across the mm-square area of the device. This was determined to work on a very
small area, but did not promote adhesion across the 2-8mm diameter active area. Further, it
was not a scalable process suitable for large volume manufacturing because it had to be done
inside an argon glovebox.
Double sided tape was used to directly stick the membrane to the chip. Double sided
tape was applied to the outer boundary of the chip. The membrane was then applied on top
of the chip so that it stuck to the tape. This method was successful at sticking the membrane
to the chip, however it created a large offset because double sided tape is -40tm thick.
Additionally, it introduced a tension across the membrane. It was determined that this
method was not suitable for device assembly because the large offset and tension would
affect the driving voltage and the resonant frequency.
A PDMS stamp was tried for the transfer printing step, in exchange of the transfer
window. It was confirmed through a series of experiments that the PDMS stamp was not a
suitable transfer substrate for this application. Several versions of a PDMS stamp were tried,
but none were successful at transferring the membrane. PDMS was a common substrate for
transfer printing inks[10]. It was observed that a PDMS stamp for transferring the
membrane to the chip was too sticky. The membrane preferred to stick to the stamp over
sticking to the chip. A photograph showing the results of this experiment is shown in Figure
4.16. It was hypothesized that the deformation of the PDMS caused micro-wrinkles in the
parylene substrate, which increased adhesion between the stamp and the parylene. Further,
PDMS was a tacky, sticky material, while parylene, silicon, and gold were chemically inert or
not tacky. Intuition suggested that the membrane would be more likely to stick to the PDMS
than to the chip. To address the sticky surface of the PDMS, a parylene film was used to
cover the stamp to reduce the chemical adhesion between the stamp and the membrane.
Unfortunately, even with a non-adhesive parylene layer between the PDMS and the
composite membrane, the membrane still stuck to the stamp and could not be released to
the chip. This observation supported the hypothesis that the deformation of PDMS helped it
adhere to thin films such as the membrane. This observation also suggested that the
membrane needed to be transferred to the chip while free from a substrate, as in the process
described in Section 4.5. Alternatively, the membrane needed to be supported on a rigid
substrate that would not deform around it. In this process, the support substrate could be
dissolved away, such as dissolving oxide using Sodium Hydroxide (NaOH).
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Figure 4.16: PDMS stamp used for transferring membrane to chip. In this case the chip had already been
assembled onto the PCB, as shown in (a). This image shows the aftermath of the membrane being pulled
from the glass substrate and then a PDMS stamp was used to push the membrane into the chip. The
membrane preferred to stick to the PDMS stamp, and came with the stamp when the stamp was removed.
(b) micro-wrinkles are visible in the gold adhered to the PDMS stamp.
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4.5.4 PMMA-Gold Membrane
One alternative membrane design used poly(methyl methacrylate) (PMMA) instead of
parylene. This process was developed with the help of Farnaz Niroui. PMMA had a higher
glass transition temperature, Tg, (1050C) than Parylene (-50*C), which would enable a
subsequent adhesion promoting step at an elevated temperature. The process for fabrication
was to spin coat PMMA on oxide on silicon, in the layer stack shown in Figure 4.17. PMMA
could only be deposited a few hundred nanometers in each dispense so it had to be
deposited and annealed after each spin cycle, building up to the required 1pm thickness.
Gold (80nm) was then evaporated onto the PMMA substrate. The transfer window was
applied to the gold surface with double sided tape in the same manner as described in
Section 4.3. Next, the underlying oxide was dissolved in saturated aqueous NaOH to release
the membrane from the silicon fabrication substrate, as shown in Figure 4.17. This dissolve
step eliminated the need for peeling the membrane from the oxide surface. Once the oxide
had dissolved from under the PMMA, the silicon substrate dropped to the bottom of the
beaker. The membrane was then removed from solution and transferred to the chip
substrate by placing it on the substrate. The device was then heated to 90*C to promote gold
adhesion across the chip-membrane interface. It was determined optically that the
membrane was adhered to the substrate, but many wrinkles were present, as pictured in
Figure 4.17(c).
(a) (b) (c)
Figure 4.17: Shows the process for creating the PMMA membrane. (a) Shows a schematic of the layer stack
of the membrane. (b) is a photograph of the substrate in a saturated NaOH solution, used to release the
PMMA membrane from the silicon substrate by dissolving the oxide layer. (c) shows a device with a PMMA
membrane. Wrinkles and tears are visible on this device.
In order to do this process at scale, it would be necessary to use a comparatively large
substrate because thickness varies at the edge of the spin coated substrate. The designer and
process engineer would need to be sure to have even thickness on the part of the membrane
that will ultimately be used in the device. This could be modeled as a circle inside a square, to
represent the even thickness area, and at the corners of the square the thickness would likely
vary a lot.
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A COMSOL model showed that PMMA deformation under the same applied load
would give a similar mechanical deformation to parylene, both in shape as well as in
maximum deflection. The modeled deflection of the membrane is shown in Figure 4.18.
//
1~~
/ /
, /
- /
- /
/
/
/
I--200VJ
5000 10000 15000
Am brqth - 0bmm *am cmI mue (m)
PMIMA-Gold Membrane
I
I
II
.10.
.20.
40-
.70 /
-100,
-120
-140/
-150 10/
.160 /ISO V
-170 / -- 200Vl
.0 - m lo
Are bno Oji0iw from omwad. (nm)
Parylene-Gold Membrane
Figure 4.18: A side by side comparison of a COMSOL model shows that for a given electric potential and
membrane dimensions, the peak deflection of the parylene is slightly higher than the PMMA device.
This process demonstrated that flexible membrane ultrasound transducers could be
made with other polymers. It would be necessary to minimize wrinkling to create a device
with good performance. The tradeoff for higher heat was determined to be unnecessary to
promote adhesion because acetone evaporation was good enough to get close contact across
the membrane-chip interface.
4.5.5 Parylene side down membrane
It was observed that the parylene side of the membrane which had been in contact with
the micro-90 had an electrostatic attraction to the chip. This electrostatic charge may be
present because the micro-90 detergent remained adhered to the parylene after the peeling
step, and the charged end of the detergent molecules would create a slightly charged surface,
and might be attracted to the oxide surface of the chip. This electrostatic charge promoted
adhesion so it was investigated whether the device would function with the membrane
oriented with the parylene down and the gold up (upside down from the original design).
The parylene added to the nominal thickness of the dielectric layer because it is non-
conducting, and therefore a much larger power input would have been required to drive the
device. The alumina pull-in short prevention layer would not have been necessary, however,
because if the membrane pulled into the cavity, the parylene would be present to prevent the
short.
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A COMSOL model using the same dimensions discussed in Chapter 2 was developed to
determine whether the device could be actuated with the parylene side down. The COMSOL
model showed poor deflection behavior for a given voltage input, compared to parylene up,
as shown in Figure 4.19. For comparison, a 250V input was predicted to result in a 190nm
peak deflection with parylene up, but only 75nm peak deflection with parylene down. It was
determined that the device performance would be significantly better with the parylene on
top.
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Figure 4.19: Shows the z-displacement of the membrane using a finite element simulation, using the same
dimensions as the COMSOL model described in Chapter 2. It was shown that the membrane would deflect
only a peak deflection of 12 nm under a 100V bias, which was determined to be not sufficient volumetric
displacement for acoustic output.
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Chapter 5
Characterization
The devices were characterized in order to quantify their electrical and mechanical
behavior. A visual inspection of the fabrication was performed under optical microscope to
assess the structure and micro-texture of the transferred membrane. The failure mode of the
devices was electrical shorting across the air gap. This failure mode was difficult to predict,
and therefore a conservative signal was used to excite the devices for measurement. Tests
included electrical breakdown, impedance, applied electric potential & displacement, and
vibration characterization. Device behavior was expected to change with DC and AC
magnitude inputs, as had been previously shown with CMUT devices[1]. The devices were
only tested in transmit mode. Future works should be conducted to characterize them in
receive mode.
5.1 Optical Inspection
Devices were imaged using optical microscopy to observe the structure of the suspended
membrane. Several observations were made when comparing the appearance of each of the
devices, which are shown in Figure 5.1. There appeared to be good contact between the
membrane and the top of the chip, as evidenced by bubbles with crisp edges, and by the
textural change around the element. If there were an air boundary layer between the
membrane and the chip, there would not be bubbled areas because the air would be
expected to be uniform pressure under the membrane.
There were relatively few wrinkles compared to an earlier transfer processes that used a
thicker scalpel blade to remove excess membrane. The thin razor was a big improvement in
reducing the wrinkling from the cutting step. This process change made significant
improvement in the main source of wrinkles in earlier devices. Wrinkles were expected to
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impact electromechanical behavior because they would result in large gap between the
electrodes. They also indicated an intrinsic stress within the membrane.
Figure 5.1: Shows nine devices after membrane assembly and annealing. Different lighting conditions were used
to capture these photos, which accounts for the variation in color of the device. Each device was 12.5mm on a
side. The upper left corner of each device was labeled with its cavity diameter and spacing between cavities, in
microns. The smallest diameter cavities (10pm) had no bubbles and the membrane was flat. It was only possible
to see the underlying cavities with precise lighting which allowed light to transmit through the parylene and thin
gold layer, revealing the underlying substrate. The medium diameter cavities (25pm) were also flat. One 25pm
cavity device had large bubbles (500 m-lmm diameter) spanning many cavities. The largest diameter cavities
(50pm) exhibited a combination of large bubbles, bubbles in a single cavity, flat areas, and sunken-in conditions.
A gradient of flat area to small bubbles to large bubbles was visible on some devices, suggesting that the timing
of evaporation and laying down the membrane affects the resulting membrane morphology.
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Large bubbles spanning many cavities, and having diameters of approximately 200pm-
1mm in were observed between the membrane and the chip. The presence of large bubbles
appeared to be related to cavity and element diameters. Large bubbles located over the
element area were present on all devices with 50pm diameter cavities, but not present for the
10pm diameter cavity size. There were two devices with 25pm cavity diameter that did not
have any large bubbles in the element area, and one that did. This suggests the cavity size
influenced the formation of the large bubbles. In some devices, particularly those with 50Pm
diameter cavities, the bubble size and density had a gradient across the element, where on
one side there was a cluster of bubbles and on the opposite side the membrane appeared flat.
This observation suggested that the membrane application timed to the receding acetone
meniscus may have an effect on bubble formation.
For 50pm cavities, several different membrane morphologies were observed. In some
areas, the membrane lay flat on the surface of the device, which was the design intent. In
other areas, the membrane was bubbled up over a single cavity. And in other areas large
bubbles spanning many cavities were visible. All of these conditions were present on the
device pictured in Figure 5.2, where insets show these conditions in greater detail. There was
also a wrinkle present. The large bubble was partially transparent, so it was possible to see
the cavities under the bubble in this photograph. These different morphologies likely occur
in larger cavities because the stiffness of the membrane decreases with increasing diameter.
As a result, the largest cavities are the least stiff and would therefore deform more if the air
pressure on the inside of the cavity was different from the ambient air pressure outside the
cavity.
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Figure 5.2: Shows a device with many of the features observed after assembly. There are several large
(>500pm) bubbles present on the device that span many cavities, such as the one outlined in the blue
square. There is also a region on the upper right where there are many bubbles that span only a single cavity.
In these, the membrane is in fact taller than the substrate because there is air trapped inside which pushes
the membrane upwards away from the cavity. In the lower left, where the purple box is located, there is a
large region where the membrane appears to lie flat on the cavities. It is possible to see through the thin gold
layer to the underlying chip substrate, but there are not shadows to indicate that the membrane has
deformed.
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Two devices with the same cavity diameter and element diameter exhibited different
membrane morphology. They are pictured side-by-side in Figure 5.3 for comparison. One
device was determined to be non-functional because the membrane had completely
collapsed into the cavities across the element. The other had bubbles in every cavity, most as
individual bubbles but some bubbles spanned 2-4 cavities. This observation suggested that
cavity diameter and element diameter were not the only important variables. The cavity
spacing may also affect how the acetone evaporates and therefore the final morphology of
the membrane. More importantly, the amount of acetone and its evaporation rate were not
controlled in the manual assembly process. Likely, the success of the assembly was tied to
how much acetone was present on the chip face when the membrane was applied to it. This
hypothesis was supported by the gradient seen in some devices, where bubbles were
clustered at one side of the element. Since the membrane was applied by laying it down
gently starting at one end and gently rolling to the other end, not all of it touched the surface
at the same time, and differing amounts of acetone may have been present as the membrane
contacted the local surface. Further research is needed to optimize the evaporation and
timing of the assembly process to reduce bubbles and sinks in the membrane.
117
. * .........
% do ~
9 .1 9
*1~ 9 9 f?9*gt'. 9 9 * lo
Y9oum 999m9. e 99 
t'o
00<0ee.e9*t 'S le
It 42 ' t*'09 a *9 9999
m 99g9g9,Sl, e,,
ks.et. XT *0 t 6 1
Figure 5.3: Two devices with the same cavity diameter and element diameter are shown side-by-side to
compare the morphology of the membrane. (a) the membrane had completely collapsed into the cavities, so
the device was non-functional. (b) each cavity has a bubbled membrane, and some bubbles span 2-4 cavities.
This device was functional. (c) shows a magnified view of the collapsed membrane. (d) shows a magnified
view of the element where under the membrane each cavity contains a small bubble.
The devices shown were fabricated and photographed in March, and by July it was
observed that the large bubbles had collapsed and were lying flat on the membrane. Devices
with collapsed bubbles were still functional after large bubbles had collapsed. Further
research would be necessary to understand the how the bubbles affect the long term stability
of the devices and their electromechanical behavior.
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5.2 Electrical Test Set Up
Devices were electrically excited using a DC bias and an AC signal. A block diagram of
the test set up is shown in Figure 5.4. The DC bias was applied using a DC power supply
(Aim TTi PLH120 Power Supply). The AC signal was generated using a function generator
(Tektronix AFG3052C Dual Channel Arbitrary Function Generator), whose signal was
amplified by a power amplifier (E&I 325LA). The amplified signal was measured to ensure
the intended peak-to-peak voltage matched the output from the amplifier.
AC 
-Amplifier-
Function GeneratorH
Bias Tee -Device
DC
Power Supply
Figure 5.4: Shows a block diagram illustration of the driving
electronics of the transducer.
The AC and DC signals were added together using a custom bias-tee circuit. A schematic
of the circuit and a photograph are shown in Figure 5.5. The bias-tee used a capacitor, which
would not pass AC, and an inductor, which would not pass DC, to add AC and DC signals
together. For this device, the capacitor and inductor were specified to be able to handle a
voltage load of up to 250V. The inductor was 1 MH (DigiKey, M8609CT-ND) and the
capacitor was 1 gF (DigiKey, 4450173325-1-ND). These values were calculated from the
expected impedance of the device, described in Chapter 4.
119
(a)
C=1pF
AC+DC
L=1MH
(b)
Figure 5.5: A bias tee was used to add the AC and DC signals. photo of the custom bias-tee attached via
BNC connection to a device. The toggle switch was used to safely discharge the capacitance of the device
when powering down.
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The amplifier output was characterized after passing through the Bias Tee and data from
this experiment is shown in Figure 5.6.
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Figure 5.6: A graph of the AC magnitude voltage coming out of function
voltage coming out of the Bias Tee with 50V DC bias.
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5.3 Device Failure Mode
Over the course of the electromechanical tests, the failure mode of the device was
observed to be an electrical short arcing across the air gap between the membrane top
electrode and electrode at the bottom of the cavity. This failure resulted when the electric
potential sparked across the air gap of the active cavities. This spark ablated the membrane
material and the burning traveled around the membrane and either burned or ablated
surrounding membrane material. This was a catastrophic failure which resulted in loss of
function of the device. Electrical shorting was difficult to predict across an air gap of less
than 2pam. Research has shown the break down voltage across a small air gap is related to
many factors, including electrode material, geometry, surface roughness, voltage rise rate,
and the distance between the electrodes[2]. When this failure mode occurred, it quickly
spread across the entire element face and destroyed the device.
The device was designed to mitigate the pull-in condition of an electrostatic membrane,
however the pull in condition was not observed over many cycles of electrical and
electromechanical testing. In fact, the device failure mode was the electrical breakdown
across the gap. PMUTs and CMUTs have not discussed this failure mode. These devices
typically have vacuum in the gap and therefore can likely withstand a higher electric field.
121
60 -
401
20-
40 S
S
0
Vacuum was not suitable for the flexible membrane because the pressure difference between
ambient outside the cavity and vacuum inside the cavity would collapse the membrane into
the cavity.
5.4 Electrical Characterization
Several electrical characterization tests were performed in order to quantify the electrical
behavior of the transducers.
5.4.1 Electrical Breakdown
Electrical breakdown was tested up to 100V DC. The DC power source was connected
to the device through the BNC port on the PCB. The power was gradually turned up to
100V (the limit of the DC power supply), and then turned back down. The bleed switch on
the PCB was used to discharge the capacitor. No devices shorted at this level.
In later tests, a larger magnitude voltage signal was used by combining the DC bias with
the AC signal. In some of these tests, the devices failed above 100V maximum applied
potential by shorting across the air gap.
5.4.2 Electrical Impedance
The impedance of the device was measured using an Agilent 4294A Precision
Impedance Analyzer. This impedance analyzer was chosen because it was able to deliver a
DC bias of up to 40V. The impedance analyzer could only deliver 500mV AC signal. The
device behaved as a capacitor at this excitation level, and did not exhibit a resonant behavior.
Capacitance was calculated from the data to be approximately 4.8nF for all but one of the
devices (10pm, 25pm, and 50pm diameter cavities), which was very close to the expected
capacitance of the device discussed in Section 2.4, which depended on the cavity diameter
and spacing, and was approximately 5nF for all devices (calculated value for each device is
shown in Table 2.1). Representative data from one device from the impedance analyzer is
shown in Figure 5.7. All devices demonstrated similar impedance behavior, regardless of the
cavity size or the element diameter. The one outlier device had a capacitance of 1.9nF. It is
not known why one device had a reduced capacitance, it may be due to a collapsed large
bubble or some other unknown membrane characteristic.
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Figure 5.7: Shows the magnitude of the impedance over the frequency for a 40V DC offset and a 500mV
AC signal. The device behaved as a standard capacitor for this excitation signal, because the AC signal was
not strong enough to excite the membrane.
5.5 Electro-Mechanical Characterization
Electromechanical Characterization of the mechanical response to an electrical input was
conducted. This information was used to quantify the mechanical response to an applied
electrical signal.
5.5.1 Deflection under applied DC Bias
An optical profilometer (WYKO) was used to measure the center point deflection of a
single cavity under a DC Bias. The profilometer took a 2D scan of the height of the
membrane, shown in Figure 5.8.
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Figure 5.8: Data from an optical profilometer measurement to characterize the deflection of the membrane
under an applied DC bias voltage. (a) shows the surface height under no DC bias and 130V DC (the
maximum applied load). A black arrow indicates a single cavity with a bubble formation under the
membrane. The magenta arrow points to a cavity with a flat membrane. (b) shows the center point z-
direction deflection of the membrane under a range of applied loads. As expected, the displacement
increased with increasing voltage. The flat membrane cavity, however did not show as strong a trend toward
increasing deflection as was expected.
The center point deflection was used to calculate the Coupling Coefficient, kT', which
compares electrical energy to mechanical energy in the micro-transducer. This relationship
has been used to compare the performance of CMUTs and PMUTs. For the parallel plate
structure discussed in Section 2.1, the coupling coefficient is defined as
kT 2  UM
UM + UE
(1)
2z
kT 2 dzd - Z
(2)
This relationship comes from the expressions for electrical potential energy (UE) and
mechanical potential energy (U.), set equal to one another and plugging in for kn, was
described by Yaralioglu, et al[3]. This relationship applies when the electrical energy is
approximately equal to the mechanical energy, in order to substitute for the stiffness of the
resonator. Practically, this assumption is significant because it does not account for the
spring softening of the membrane. CMUT designers have shown that when the DC bias
approaches the pull in point, kT' approaches unity. Here, that phenomenon was not
observed. This result may be due to the fact that the theoretical pull in voltage (280V) was
much higher than the measured range, due to the shorting across the air in the cavity
occurring at around 150V.
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The relationship was used to compare the coupling coefficient as a function of the applied
electrical bias, as shown in Figure 5.9. As expected, the coupling coefficient increased with
increasing DC voltage. The maximum measured coupling coefficient was .25 for both the
bubbled membrane and the flat membrane.
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Figure 5.9: The relationship between coupling coefficient, k,2, and applied DC voltage. The maximum
coupling coefficient was .25 for both the flat membrane and the bubbled membrane. The colors match the
arrows in Figure 5.8. Coupling coefficient increased for increasing DC bias. Above the 130V DC load, the
device shorted and no measurement was taken.
5.5.2 Vibration Response
The vibration response of the membrane was characterized using Laser Doppler
Vibrometry[4]-[7]. Laser Doppler Vibrometry was used because it was a non-contact
method for measuring small vibrations in the frequency range of interest.
The machine used for the following tests was a Polytec RSV-150, which consisted of a
1550nm wavelength laser. The spot size was relatively large compared to the cavity diameter,
but smaller than the element diameter. This vibrometer was designed for measuring large
systems at a distance. It was capable of measuring frequencies up to 1.5MHz. This was
suitable for characterization in the 100kHz-1.5MHz range, and allowed for initial
characterization of the device.
The device was first excited using a DC offset of 28.7V and a sine wave of frequency
1MHz and amplitude 7V. The time and frequency space response of the device are shown in
Figure 5.10. This experiment indicated that the device would respond to a sinusoidal input
by vibrating in a sine wave of the same frequency. It also showed that the parylene
membrane was able to mechanically recover fast enough to be actuated in the megahertz
frequency range, an important factor that had not been measured prior to this test.
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Figure 5.10: A device was driven with a DC offset 28.7V and AC magnitude of 7Vpp. First a continuous
1MHz sound wave signal was chosen and (a) shows the time response and (b) shows the frequency domain
response. Vibrometer measurement sampled at 50MHz. This experiment verified that the device responded
to a periodic electrical stimulus with a corresponding mechanical vibration response.
The device was then excited with a sinc function in order to measure the frequency
response across a range of frequencies. DC bias was 28.7V and the AC magnitude was
increased sequentially. The time and frequency responses are shown in Figure 5.11. This
experiment indicated that the peak velocity increased with increasing AC magnitude.
a b
Device response with 5OVDC and AC 1OOns delta Input 650. voltage vs. max velocity 1.5 MHz bandwidth
I1- 5 Vpp AC
-IOVppAC
- 30 Vpp AC400 
-40 Vpp AC 
-g550
200 00
E 1450
0S
2400->C
-200 E 350
10
-40300 /
250
2008 10 12 14 16 0 10 20 30 40 50time (us) AC Magriude (Vpp)
Figure 5.11: The device was excited with a 50V DC bias, and a delta function of varying magnitude, where (a)
shows the time domain signal. The magnitude of the mechanical response to the magnitude of the electrical input
was linear, as shown in (b).
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Two measurements were taken from different locations on the same device in order to
understand whether the large bubbles could be actuated electrostatically. One location was
where the membrane was flat across a few cavities. The second location was directly on top
of a large bubble. The vibration response showed that the large bubble did respond to a
pulsed input, but had lower magnitude response, as shown in Figure 5.12. The difference in
response may be from the fact that the effective distance between the top and bottom
electrodes is much greater for a large bubble, therefore the magnitude of the electrical load
would be smaller. Also, the size of the membrane that is free to move is much greater, in this
case the bubble had a diameter of approximately 500m, which would also change the
dynamic behavior of the membrane in this region. Further research should explore the
behavior of these bubbles to understand if they could be useful for some applications or
whether fabrication optimization efforts should seek to eliminate them.
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Figure 5.12: The vibration response of a device (a) was measured in two locations. A magnified view of the
element is shown in (b) with arrows indicating the two areas: one where the membrane was flat across the
cavities, and one located on top of a large bubble. The time domain response (c) and the frequency domain
response (d) of both locations were compared. It was possible to actuate the bubble. The magnitude of the
response in the flat area was greater than on the large bubble.
127
0.021
0.01
E
0
n n1
-0.021-0
(C)
0.8 1
...... ..... "
. |
-No bubble
-Larg bu
A comparison between two devices with the same cavity diameter was made in order to
understand variability between devices. Two devices were excited with a 50V DC offset and
a 100ns delta pulse of 30V. The velocity response was measured with the RSV-150
vibrometer. Device A was a 2.25mm diameter element with 50um cavities spaced 40um
apart, and a picture of the device is shown in Figure 5.12(a). Device B was an 8mm diameter
element, with 50um cavities spaced 20um apart, and a picture of this device appears in
Figure 5.2. The velocity response was recorded by the RSV-150. The magnitude of the
velocity response was greater for Device B than Device A, as shown in Figure 5.13. This
may be due to the difference in packing fraction of the device. The vibrometer used in this
experiment was designed for measuring vibration over a large area. A device with a higher fill
factor (ratio of active to inactive area, discussed in Chapter 3) would have greater average
velocity (averaged over the x-y plane), because the area between cavities is not free to move
out of plane. The difference between devices may also be inherent to a difference in the
devices, such as membrane tension. Further research should explore the differences in the
dynamic behavior between devices in order to characterize the repeatability of the device
assembly.
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Figure 5.13: Two devices were excited with 50V DC and a 200ns delta pulse of 30V magnitude. Device A
was a 2.25mm diameter element with 50um diameter cavities spaced 50um. Device B was an 8 mm diameter
element with 50um diameter cavities spaced 20um.
A micro-vibrometer (MSA 500, courtesy of Polytec) was used to evaluate the vibration
mode of a single cavity. This tool was designed for measuring vibrations on the microscale
and therefore was well suited to characterizing the cavity behavior. The measurement result
indicated that the device was vibrating in the first mode of vibration at 2MHz. A 3D
characterization of the vibration of a single cavity is shown in Figure 5.14. The data is best
viewed as an animation to capture the dynamic behavior. Stills from the animation show that
the cavity is vibrating in the first mode of vibration. The shape profile appeared to be similar
to the clamped edge condition discussed in Chapter 2.
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Figure 5.14: Still images from the animation showing the peak displacement under
50V DC and 10V AC input. (a) shows a top view of the vibrating membrane and (b)
shows a side view. This data indicated that at 2MHz, the membrane was vibrating in
its first mode.
The data from the micro-vibrometer was compared to the COMSOL model described in
Chapter 2. The peak displacement for two different AC magnitudes is shown in Table 5.1,
and a comparison to the COMSOL model for this signal level. The model was
approximately the right order of magnitude, however the measured peak displacement was
2.5-3.8 times higher than the predicted peak displacement. This error may have several
sources, such as the edge condition assumptions of the COMSOL model. For example, if
there was not perfect adhesion between the membrane and the support material, some strain
may come from the membrane that is not suspended above the cavity. The COMSOL
model assumed perfect adhesion and therefore a clamped edge condition at the cavity
boundary.
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Peak to Peak Peak
Peak DisplacementVelocity Displacement (COMSOL
(measured) modeled)
2MHz sine 50 V 10 Vpp 1.175 m/s 186.9 nm 25 nm
wave
2MHz sine 50 V 30 Vpp 2.329 m/s 370.8 nm 75 nm
wave
Table 5.1. Shows a comparison of excitation signal, measured displacement, and the corresponding
COMSOL modeled displacement for that excitation signal.
The available vibrometers were not suitable above 2MHz, and therefore it was necessary
to devise an experimental set up to measure the response at higher frequencies. A laser beam
was reflected off the vibrating device surface into a camera. A schematic of the experimental
set up is shown in Figure 5.15.
device
Figure 5.15: Schematic of experimental set up to measure the
bandwidth of the transducer.
The resonating membrane had different roughness, and therefore reflected an incident
laser beam differently depending on the resonation behavior. An incident laser beam of
wavelength 2360 nm and spot size approximately 2mm was reflected off of the element of
the device. The reflected beam was imaged using a nitrogen cooled IR camera (JR Camera
Inc.). Software was used to count the photons in the reflected beam, and averaged over
milliseconds. A DC bias and a sinusoidal input with a single frequency was applied to the
device. The vibration behavior changed the surface roughness of the element, and the
changing roughness was quantified by counting the number of reflected photons. The
frequency of the input was increased sequentially. This technique allowed measurement of
the resonant behavior of the device because the time averaged reflectivity of the device
changed with the membrane displacement.
The resulting response for two different devices is shown in figures 5.16 and 5.17. These
devices are the same Devices A and B in Figure 5.13. The optical response was normalized
for each device based on the maximum number of photons counted. Direct comparison of
the magnitude of the deflection was not possible with this method.
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Figure 5.16: Device A under a 30V DC bias plus a 1OVpp AC. The resonant frequency was 2.2 MHz
bandwidth of this device was 2.03 MHz, which led to a Q factor of approximately 1, indicating the system is
under damped.
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Figure 5.17: Device B under a 30V DC bias plus a 1OVpp AC. The resonant frequency was 2.6MHz, with a
bandwidth of 1.4 MHz, which lead to a Q factor of approximately 1, indicating the system is under damped.
Using the data from the incident beam test, it was possible to find the transducer Quality
Factor, Q, a ratio of the natural frequency to the 3dB bandwidth[8], [9].
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For both devices measured with the incident laser beam, the quality factor was
approximately 1, indicating the system was underdamped.
5.6 Summary
Characterization experiments were conducted in order to measure device performance.
The devices were examined under optical microscopy in order to observe how the
fabrication procedure affected the finished devices. Electromechanical tests were performed
to quantify mechanical motion in response to an applied electrical signal.
Cavity diameter affected the surface texture of the membrane. Larger cavity diameters
had bubbles or sunk-in regions. This was likely observed because the largest diameter cavity
had the lowest stiffness membrane, so would deform more if there were a pressure
differential between the inside of the cavity and the ambient air.
The device failure mode occurred when device shorted across the air gap inside the
cavity. These types of failures were catastrophic and hard to predict because the breakdown
of air across very small gaps is not well understood. This failure mode occurred at a lower
voltage than the pull in condition and therefore the driving signal was limited to less than
130V.
The coupling coefficient was found by measuring the center point deflection in response
to an applied electrical load. The largest magnitude coupling coefficient measured was .25,
which is far from the coupling coefficients of published CMUT devices. Future work should
address the voltage limit of the air gap and design the cavity such that the membrane can
approach the collapse voltage.
The first mode resonant frequency of the 50trm cavity diameter devices was found to be
approximately 2MHz, with an approximately 2MHz bandwidth. The quality factor was
approximately 1, indicating that the system was underdamped.
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Chapter 6
Conclusion
This thesis described the modeling, design, fabrication, and characterization of a
microscale ultrasound transducer with a capacitive flexible membrane.
The device was modeled using analytical models for capacitive resonators and plate
bending, as well as finite element analysis. The models predicted that material selection was
an important parameter in minimizing the amount of power required for device operation.
The analytical and finite element models were used to guide the design of the resonating
membrane.
The device was fabricated using standard micromachining techniques, including chemical
vapor deposition, physical vapor deposition, and photolithography. Adhesion between the
membrane and the chip was the biggest fabrication challenge.
The dynamic electromechanical behavior of the device was characterized using laser
Doppler vibrometry (LDV). Characterization of the device was challenging due to the
transparent nature of the parylene top layer. The characterization tests showed that the
device deflected with a corresponding input signal.
6.1 Discussion of Key Findings
The analytical model predicted that membrane material was an important consideration,
and that using material with smaller Young's Modulus could result in the same volumetric
displacement for a smaller voltage input. Therefore, substituting the silicon nitride
membranes used in CMUTs for a less stiff polymer such as parylene could result in the same
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volume of air displaced by the membrane for lower electrical input power. The volume of air
displaced is proportional to the amplitude of the transmitted acoustic signal.
Characterization experiments showed that the parylene membrane resonated in air, however
an acoustic signal was not detected in oil using a hydrophone. This observation may be due
to the radiation impedance of oil being too large for the device to transmit in that medium.
The fabrication methods described in Chapter 4 resulted in a significant improvement in
yield, where 85% of devices were successfully fabricated across four separate batches. Each
batch had increasingly higher yield, where the last batch had 100% success rate. This was
likely due to improving skill of the operator during device assembly. The most common step
for failure across the entire fabrication process was the peeling step where the membrane is
released from its fabrication substrate during membrane transfer. This was particularly
damaging to yield rate because the batch size of membranes was limited by the capacity of
the metal evaporator. Therefore, only 9 membranes could be made at any one time. This was
limited by the number of clips for holding chip substrates. In contrast, 88 device chips were
processed in parallel on a single 150mm wafer. The other assembly failure that was observed
was a single device where the membrane had completely collapsed into each of the cavities,
as viewed by optical microscope. This resulted in a membrane that could not be actuated by
an applied electrical signal because the membrane was already fully collapsed into the
cavities. The membrane deformation appeared to be related to the size of the cavities, but
further research would be needed to quantify this observation.
Characterization of the device was challenging due to the transparent nature of the
parylene top layer. Parylene transmits light above -200nm, and therefore incident light
passed through the parylene layer and reflected off of the underlying gold layer. Some light
continued through the 100nm thick gold layer and reflected off of the bottom of the cavity.
Laser Doppler Vibrometry (LDV) was capable of measuring the dynamic mechanical
behavior, as the Doppler shift of the incident beam measures velocity and not actual
position. The characterization tests showed that the device vibrated with a periodic or Dirac
delta input signal. The LDV tests were limited by the upper frequency band of the
measurement tool. Therefore, an additional test had to be devices for characterization above
1.5MHz. This test measured the changing surface reflectivity of the device as the sinusoidal
input was changed across a 1-8MHz input. It showed that for a 50ptm diameter cavity device,
the resonant frequency was 2.2 MHz with a 3dB bandwidth of 2MHz.
6.2 Understanding the stiffness and resonance behavior of the transducer
The mechanical behavior measured by the characterization tests did not closely predict
the behavior of the device. There were several reasons why the mechanical behavior did not
match the models.
One potential source of the difference is that the fabrication did not match the design at
top edge of the cavity. SEM images of the chip substrate revealed that the metals layer was
over-etched by approximately 2tm on the radius, as shown in Figure 6.1. The magnitude of
the over etch was independent of the cavity radius. This over-etch effect was possibly due to
the wet etch chemistry proceeding with the etch anisotropically. The etch was timed to etch
134
through each layer (100nm/10nm gold/chrome), based on the published etch rate for the
chemistry. Even with a longer etch time the over etch should have only been a few
nanometers if the reaction proceeded isotropically. Another possible source of the over-etch
is that the edge of the metals layer was damaged during subsequent RIE or lift off
processing.
a
.c
2pm
Figure 6.1: SEM images of the active cavities, in increasing magnification.
(a) shows the entire element. (b) shows a few elements, where it is
apparent the chrome gold top layer is over-etched relative to the
underlying oxide. (c) a top view of the edge of the cavity, where the light
grey is the gold, over-etched by approximately 2pm relative to the
diameter of the oxide etch. The textured alumina is visible at the bottom
of the cavity. (d) shows a tilted side view cross section is shown to show
where the metals on top of the oxide are etched.
The effect of the over etch was that the membrane was not perfectly adhered at the edge
of the cavity because it oxide and gold do not have an affinity for each other. The analytical
and FEA models described in Chapter 2 assumed perfect adhesion which would result in a
clamped edge condition, at the edge of the cavity. If this assumption does not hold, there are
two possible outcomes. One possibility is that the clamped edge condition exists, but it
increases the effective radius by 2pm. Another possibility is the membrane is simply
supported instead of clamped at the edge. Simply supported would mean that the oxide
provides a normal force, but does not apply a moment in response to the deflection of the
membrane.
In order to understand the effect of the edge condition and to decide which model was
appropriate, two updated models of the membrane were used. First, the clamped model
described in Chapter 2 was updated to have a larger radius. Second, an unclamped
deformation profile was explored. The linearized spring constant of both models was
compared.
In Chapter 2, the shape function of a clamped circular plate was presented.
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w(r)clamped ~ 64D (a2 _ r2)264D
Where w(r)claped is the displacement of a clamped circular disk as a function of distance from
the center of the membrane, a is the cavity radius, D is the flexural rigidity, and Pe is the
applied electrical load (here, it was assumed to be spatially invariant). We can see from this
relationship that if the radius is increased by overetching to a+e, where e is the lateral length
of the overetch, the deflection would also increase.
In Wygant[l], the linearized spring constant was found by taking the average
displacement, which varied linearly with applied distributed load, and multiplying by cross
sectional area in order to find a linearized stiffness.
a4  a2  1
clamped 'e 9 2D 1921rD kctamped F
(2)
Where 0 is the average displacement of the clamped condition, and kclamped is the
linearized stiffness of the clamped membrane.
1921rD
kclamped = a 2
(3)
The same approach could be used to determine the linearized stiffness for the simply
supported shape profile, which is derived in Timoshenko[2].
w(r)simply supported = D(a - +2 ) a (-+ r 2)
64D 1 +V~a
(4)
Where w(r)simply supported was the deflection profile of the simply supported membrane of
radius a, v is the Poisson ratio of the membrane, which is .4 for parylene. Here, the
displacement also varied linearly with the applied spatially invariant electrical load Pe
Taking the average displacement of the simply supported case,
-0_ fo w(r)rdrd8 Pea ( 5 + V
Wsimply supported ~ 24D 1+ - -1
(5)
and solving for the linearized stiffness, gives the following relationship for kimply supported, the
linearized stiffness of a circular membrane with a simply supported edge condition:
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a4  5+ v \ a2  5+v 1Wlam=Pe d 3 1 F( 34 -1= F
384D1 1 + 3847 D ( 1 + V ksimply supported
(6)
3847zD
ksimply supported 5 + V
(3f1+ v -1) a2
(7)
For a circular membrane with the same material and uniform load conditions, the
clamped edge condition was about five times stiffer than the simply supported edge
condition. This ratio was independent of membrane diameter.
kclamped = 3 5_+ 1 = 5.286
ksimply supported 2 G + vI 2
(8)
For the membrane dimensions and material properties, numerical values for the linearized
stiffness were calculated for each cavity diameter. The linearized stiffness was found to be in
the kPa range for the smallest cavity diameter (10pm) and in the 10-100 Pa range for the
largest diameter (50 tm).
Linearized membrane stiffness (Pa)
Cavity Diameter Clamped edge Simply Supported
(um) condition Edge
10 6601.3 1248.9
25 1056.2 199.8
50 264.1 49.96
Table 6.1: Numerical values for the clamped edge condition and the simply
supported edge condition for each cavity diameter.
The deflection profiles were compared graphically, as shown in Figure 6.2. In this figure,
the nominal 50tm diameter is shown alongside a 54 tm diameter clamped membrane. This
was compared to a simply supported membrane of 50 im diameter. The graph illustrates that
the simply supported case deflects much further than both clamped conditions for the same
applied load.
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Figure 6.2: A graph of the shape function of the clamped edge (r=a), the over-
etched clamped edge (r=a+e), and the simply supported edge (r=a) for a 50m
diameter oxide cavity and 50V applied across the bottom and top electrodes.
The linearized stiffness values were also used to calculate an expected resonant
frequency of the device. The resonant frequency of a spring-mass system is
1 k
fo = 27r m
(9)
Using the linearized stiffness as k and the mass of the parylene and gold membrane it
was possible to calculate an expected resonant frequency for both simply supported and
clamped edge condition. Table 6.2 shows the predicted resonant frequency for each cavity
diameter used in the design. For this calculation, the parylene membrane thickness was
850nm, which was the actual value of the devices. The measured resonant frequency of a
50pm diameter device was 2.2MHz. The clamped edge condition more closely matched the
observed behavior. The simply supported edge condition was about five times less stiff and
therefore has a V5 proportionately lower resonant frequency.
Natural Frequency (MHz)
Cavity Diameter Clamped edge Simply Supported
(uM) condition Edge
10 42 18
25 5.7 2.8
50 1.4 .71
Table 6.2: Numerical values for the predicted resonant frequency of the
clamped edge condition and the simply supported edge condition for each cavity
diameter
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Since the measured resonant frequency is higher than the predicted value, the effective
mass must be lower or the stiffness must be greater than the model predicts. The material
properties (density, Young's modulus, and Poisson ratio) may differ from published values.
Parylene is typically not used as a support material, rather as an encapsulation material so
there is an opportunity to use this device to characterize its dynamic behavior[3]-[5].
It is also possible that the entrapped air behind the membrane contributed to the
resonant behavior. Air has a bulk modulus of 125kPa, which is much stiffer than the
linearized stiffness of the membrane in bending. A published model to describe a polymeric
capacitive resonator[6] with entrapped air used the following equation for natural frequency:
1 Y atm
2 phairhmembrane
(10)
Where y is the adiabatic constant of air, P.m is the pressure of ambient air, p is the density of
the membrane, h.. is the thickness of the air, and hmemnbane is the thickness of the membrane.
This equation does not depend on membrane bending, but rather describes the membrane
as a frictionless piston moving on an air spring. For this model system, the resonant
frequency of a ipm thick parylene membrane suspended above a 1ptm thick air gap is
1.6MHz, regardless of the cavity diameter. Based on the displacement data from the micro-
vibrometer, the shape profile looks like a bending shape profile and therefore this model
likely would not hold. This could be confirmed by measuring the resonant frequency of a
device with 25pm diameter cavities and finding if it is similar or different to the 50ptm cavity
device.
Another issue may be that if there is tension across the membrane, it would affect the
resonant frequency. For a membrane in tension, T, and resonance mode constant cc, the
tension dominates the bending mode and the resonant frequency is described in [6]-[9].
a T
fo = 2na phmembrane
(11)
In this thesis, the membrane tension was not measured. A future step may be to measure the
tension in the membrane to be sure that it is not dominating the bending behavior.
6.3 Future Work
As a first step, the performance of these devices should be characterized in receive mode
to complement the transmit mode characterization. Receive-mode characterization would
require exciting the device with a mechanical input, such as a pressure wave signal, and
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measuring the change in the electric field or the capacitance across the bottom and top
electrodes. This experimental set up could use the same devices, but would require a
different Bias-tee circuit design. It is likely that these devices are more sensitive to
mechanical inputs than other MEMS ultrasound transducers because the effective stiffness
of the membrane is lower. This would mean a smaller magnitude mechanical input may be
detected by a measurable change in the distance between the top and bottom electrodes.
The variability of electromechanical behaviors could be further characterized on the
existing device design. One key area worthy of study would be to quantify how the device
performance is affected by tension across membrane due to transfer printing and acetone
evaporation. Significant tension across the membrane would change the resonance behavior
because the primary deformation would not be resistance to bending. Future work may
explore the relationship between membrane tension and resonance, and methods to measure
and control the tension during fabrication. This line of work would be especially useful if the
device platform were moved to a completely polymeric design, where there may be
deformation in the stiffer bottom electrode as well as in the top electrode.
Longer term, research should seek to further understand the design limits of polymer
suspended membranes in micro-resonators for ultrasound or other acoustic applications.
The Q-factor of the device was >1, and therefore the system was underdamped. Future
work may explore using a different polymer that could be made thicker or thinner to address
the membrane damping. Other polymers could be substituted for parylene, such as PMMA
or Polyirnide, depending on fabrication or electromechanical limitations. Reductions in
manufacturing cost may be possible by moving to a complete polymer design that does not
require vacuum fabrication processing. Overcoming adhesion between layers may be a
significant challenge, but as this thesis demonstrated, could be overcome using a gold-gold
interface and acetone evaporation to draw the two surfaces into close contact.
There are additional opportunities to quantify and improve manufacturing yield
limitations. The primary loss occurred during membrane transfer, and that process could be
further optimized to reduce the yield challenges. Improvements in peeling yield were made
by using atomically flat silicon or silicon oxide. Further improvements might focus on
improving the micro-90 detergent layer to further reduce the affinity of the parylene to its
fabrication substrate, without sacrificing its ability to be deposited as a continuous thin film.
6.4 Conclusion
This thesis describes a novel capacitive ultrasound transducer that resonates in the
ultrasonic frequency (-2 MHz). The devices were designed using analytical and finite
element models to operate in ultrasonic frequency range of interest for medical imaging
applications (-1-10MHz). They were fabricated using scalable microfabrication techniques
including standard silicon wafer fabrication and contact printing. The devices were
characterized using laser vibrometry and electrical impedance measurements. The Q factor
(>1) indicated that the suspended composite membrane is underdamped, and therefore
more development is needed to design an efficient transmission system. Ultrasound is of
interest for wearable medical applications because it is safe, and can be used for a range of
140
biomarkers, including blood pressure and tissue stiffness. In order to move ultrasound
sensing in to a wearable form factor, significant advances in size, power, and cost must be
addressed. This thesis moves in that direction by describing an ultrasonic micro-resonator
that can be made using scalable microfabrication processes.
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